ORI

N93-72022

Unclas

1 Report

(Eag] Qo

Fins

EVALUATIUN 0OF
- . S
Iskette Supnlemant)

URUOTID/DEGRILS

MATTRTAL
202 ¢

-CR=-185¢27)
STATINAN MFTE

b

3

u
enyineering)

SHIFLDING

(

(NA:
SPACE

Evaluation of Space Station Meteoroid/Debris Shielding Materials

Prepared under Subcontract to
Lockheed Engineering and Management Services Co., Inc.
for the

Advanced Research Projects Office

at the
@
N Johnson Space Center
p by
o
© Eagle Engineering, Inc.
-~
N Houston, Texas
~N

NASA Contract No. NAS9-15800
Lockheed P.Q. No. 02-001-12718

Eagle Contract No. TO-86-74

Final Report
Eagle Report No. 87-163
September 30, 1987

ORIGINAL CONTAINS
COLOR ILLUSTRATIONS

S [EUSD

Functional Color Pages ‘fz






Evaluation of Space Station Meteoroid/Debris Shielding Materials

Prepared under Subcontract to
Lockheed Engineering and Management Services Co., Inc.
for the
Advanced Research Projects Office

at the

Johnson Space Center

by
Eagle Engineering, Inc.

Houston, Texas

NASA Contract No. NAS9-15800
Lockheed P.0O. No. 02-001-12718
Eagle Contract No. TO-86-74

Final Report
Eagle Report No. 87-163
September 30, 1987












Foreword

This is the final report for a study of shielding materials for the Advanced Research
Projects Office of the Solar System Exploration Division at the Johnson Space Center.
Eagle Engineering, Inc. conducted the study between June 3, 1986 and September 30,
1987 through a Lockheed Engineering and Management Services Company subcontract
(Lockheed P.O. No. 02-001-12718, Eagle contract No. TO-86-74). The purpose of the
study was to evaluate the effectiveness of metallic, ceramic, and composite materials as
meteoroid and orbital debris shields or "bumpers" for Space Station module protection.
A second purpose was to develop analytical tools and procedures to help predict the
response of materials to hypervelocity impact.

This report documents analytical and experimental evaluations of candidate shielding
materials for Space Station applications. Analytical techniques used to indicate promising
materials for testing are described. The test approach is defined and test results are
documented. Shielding performance of several materials was rated superior to an aluminum
bumper baseline; particularly two: a dual bumper concept utilizing a metallic mesh first
bumper and a solid second bumper, and a tungsten microsphere/silicone rubber material.
Other bumper materials show promise, including laminates of aluminum with graphite/epoxy
and ceramics. Recommendations for the next phase of the study include additional
screening tests at JSC and impact testing with a larger projectile at another research
facility.

Ms. Jeanne L. Crews and Mr. Burton G. Cour-Palais were the NASA technical monitors
for this study. Excellent hypervelocity impact data was provided by Lockheed personnel
assigned to the JSC Hypervelocity Impact Research Laboratory (HIRL): Mr. Kenneth
Oser, Mr. Earl Brownfield, and Mr. Thomas Thompson. Mr. Glen Jolly was the Lockheed
technical administrator. Dr. Ching Yew of the University of Texas provided valuable
advice and data.

Mr. Eric Christiansen was the Eagle Project Manager. Major technical contributions
were provided by Dr. Charles H. Simonds and Dr. Larry J. Friesen. Mr. David Carson
and Mr. Norman Smith have also made contributions. Artwork was produced by Mr. R.
Patrick Rawlings and Mr. Mark Dowman of Eagle Engineering’s Advanced Concepts Art
Department.



About the Cover

The cover depicts an impact on a Space Station module shield by a relatively large
orbital debris fragment, assumed in this case to be a spherical 1 cm diameter aluminum
fragment (1.4 g), traveling at approximately 9 km/sec.

The projectile is shown striking the upper part of a module shield at a 45° angle to the
Station velocity vector. An oblique impact is likely since the orbital debris flux is highly
directional with most coming in on a 30°-70° angle to either side of the Station’s orbital
direction and parallel to the Earth.

A 1 cm particle is generally considered to be a worst-case particle, having a probability
of impact on a set of two modules of 1 in 50 over a 30 year time period (assuming half
of each module is shielded by other structures). Particles of this size are more likely
to be man-made debris. A meteoroid particle having the same energy as a | cm orbital
debris particle has only a 1 in 600 chance of striking the same dual module system.

The impact spawns a number of particles from the impacted surface (called ejecta) that
have a cumulative mass 10 to 100 times the mass of the projectile. Some of these
secondary particles will be traveling at hypervelocity and, given the correct geometry for
the impact event, could subsequently strike additional Space Station elements as portrayed
in the cover illustration. Therefore, design of all elements on Space Station exposed to
primary impacts from meteoroids and debris should also consider the flux of secondary
particles. In a previous study, the secondary flux factor was estimated to be on the
order of 10 percent of the primary flux. The amount and size of secondary mass released
in the impact is dependant on the type of material impacted, with certain non-metallic
materials ejecting significantly less damaging material than aluminum as concluded in
this report.

In addition to the secondary impacts, the cover also illustrates the bright flash visible
from a hypervelocity impact. A calculation showed that a 1 cm aluminum projectile at 9
km/sec will release over 5 million lumens, or the same light intensity as over 3,000
hundred-watt light bulbs. Ejecta particles, due to their hypervelocity speed, will also
likely emit visible radiation upon impact with adjacent structures.
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1.0 Executive Summary

A series of light gas gun shots were performed with 45 mg (3.2 mm) aluminum projectiles
at 6 to 7 kim/sec to evaluate the protective potential of different materials for Space Station
meteoroid and orbital debris shields. A meteoroid/debris shield or "bumper" is a sacrificial
first wall in a typical dual-wall system. Its function is to intercept oncoming projectiles
and spread the impact intensity over a large area of the second wall or pressure hull of
the Space Station common modules and other pressurized elements, thereby providing

greater protection at less weight than a single-wall structure.

The purpose of the testing was to demonstrate that alternative shield materials held
promise for offering equivalent protection with lower mass than present aluminum bumper
concepts or, with the same mass, increasing the protection for Space Station crew and

equipment from orbital debris/meteoroid impacts.

From consideration of no-penetration criterion requirements, module geometry (including
self-shielding), and the orbital debris environment, the modules should be designed to
protect against a 1.1 gm (0.92 cm) debris particle at a minimum. Protection beyond that
offered by the baseline aluminum shield/multilayer insulation/aluminum backwall configuration
may be necessary to prevent critical damage from this size orbital debris particle over
a 10 year design life of the module. Detached spall (fragments released from the inside
surface of a pressure hull) represents a significant potential hazard to crew and interior
equipment and probably should be considered as much a critical failure as penetration.
Preventing both spall and penetration makes it even more likely that upgraded shielding

will be required for Space Station habitable volumes.

One possibility for increasing impact protection is to build that capability into the module
shielding system from the start. This will require either (1) new shielding materials or
concepts that provide added protection at less weight, or (2) thicker and more massive
module walls, or (3) increasing the standoff distance between shield and pressure hull by
using deployable shield mechanisms. Another possibility is to augment protection by
deploying additional shielding some time (years) after the pressurized modules have been
on orbit. Such augmentation can allow module design to proceed without great change
as long as augmentation techniques are experimentally verified early and scars are added

to the module exterior to accept additional shielding.
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Prior to impact testing for this study, mathematical models were developed, based on
one-dimensional shock wave theory, to assist in selecting suitable materials for the test
program. The analytical models and other considerations detailed in this report were
used to select a list of metallic, graphite composite, ceramic, and polymer test materials
that satisfy known requirements for Space Station bumpers. In particular, it appeared
from these analyses that ceramics (in designs borrowed from conventional armoring
techniques), and laminates of ceramics and low-density fiber-reinforced composites offered
advantages over aluminum (6061-T6), the currently baselined shield material for Space
Station module protection.

The analyses also indicated that a low-density, fiber-reinforced composite such as graphite/-
epoxy should be considered for the structure that provides the standoff and support to
the bumper. This would reduce the lethality of the fragments projected against the
second wall produced in direct hypervelocity impacts on the support elements.

Due to funding limitations, only selected materials were procured for the just completed
phase of the test program. Materials for fourteen unclassified and additional classified
bumper concepts were acquired for hypervelocity testing at JSC in scaled-down versions
of representative Space Station dual-wall configurations. Screening tests involved testing
equal areal density bumpers, except when a proper size bumper was unavailable, in which
case the combined bumper/backwall areal density was kept constant. Projectile conditions
(size, velocity, impact angle) and bumper/backwall spacing distance were also maintained

essentially constant during the tests to ensure comparable results.

Despite the limited number of candidate materials tested, several materials out-performed
baseline Al 6061-T6 by significantly reducing damage to the backwall. A dual-bumper concept
incorporating a wire mesh and a backup plate separated by a short distance (approximately
a quarter of the mesh/backwall standoff) showed particular promise. A tungsten micro-
sphere/silicone material combination also performed well. The results of classified material

testing is discussed in a separate (classified) addendum to this report.

It is recommended that the next phase of the shielding material program be in two
parts: (1) continuation of efforts to find improved alternative shield and backwall concepts
using analytical techniques and experimental testing at the JSC Hypervelocity Impact

2



Research Laboratory, and (2) testing the best candidates, scaled-up to actual Space
Station configurations, at a larger ballistic facility in some other location. Because the
development schedule for Space Station accomplishes major trades and essentially locks
into a design path by the first Preliminary Design Review (PDR) currently scheduled for
January 1989, expeditious planning for impact testing of Space Station scaled shield test
articles is essential to prepare sufficiently mature justification for inclusion of new materials
in shielding trade studies prior to PDR.




2.0 Introduction

The primary purpose of this study was to find alternative materials for Space Station
module orbital debris and meteoroid shields which would provide greater protection at
lower weight than the present aluminum bumper concepts. To accomplish this objective,
study participants had to: (1) identify candidate materials for module shields, (2) formulate
a suitably reliable hypervelocity impact test method, and (3) conduct impact tests on
the candidate materials and evaluate the protective potential of each by assessing the
extent of damage to the second wall.

Orbital debris and meteoroids are significant hazards to the Space Station and must be
taken into account in its design. The structures of pressurized elements typically incorporate
a shield to protect the inner hull from high velocity particles. These particles may be
either meteoroids or man-made space debris, which travel at average speeds of 20 km/sec
and 10 km/sec, respectively. The meteor bumper or shield is the first wall of a dual-
wall protection system. Its purpose is to fragment, melt, or vaporize the incoming
particle and spread its impact over a wider area of the second wall or backwall than
would otherwise be the case, thereby reducing total damage to the spacecraft and decreasing
the likelihood that the particle will actually penetrate the spacecraft. The terms used
in this report to describe the dual-wall bumper protected system are represented in
Figure 2-1 and a more complete description of the shock dynamics associated with hyper-

velocity impact on thin targets is given in Section 3.1.

The space environment imposes certain requirements and design constraints on shielding
systems. The Space Station module shields must be designed with proper consideration
for the meteoroid and debris model, integral/deployable shielding issues, atomic oxygen
attack, radiation protection, thermal protection, and repairability, as discussed in Sections
3.2-3.11.

The reasoning behind selecting candidate materials for testing is presented in Section 4.
In Section 4.1, materials and concepts used in armored vehicles, particularly the relatively
new use of ceramic materials, were examined for applicability to space protection require-
ments. Bumper material properties such as density, shock compressibility, and thermodynamic

properties are important in successful bumper operation as explained in Section 4.2.



Because the number of potential bumper materials is large and material procurement and
hypervelocity testing is expensive, it is reasonable to develop computer models to assist
in assessing potential materials for testing. Section 4.3 describes analytical tools developed
for providing insight into the physics of hypervelocity impact events. Three computer
models were developed to evaluate the effectiveness of different bumper materials. A
figure-of-merit based on empirical correlations for hypervelocity impact and other material
properties is explained in Section 4.3.1 and Appendix B. The results of a program that
calculates the impact shock pressure in a technique that is often applied graphically are
used in Section 4.2.2, with a detailed program description in Appendix C. An analytical
model which calculates peak shock pressure, the energy partition between projectile and
target, the state of the projectile material, and an optimal bumper thickness as a function
of projectile velocity is described in Section 4.3.2 and Appendix A. The one-dimensional
model uses Hugoniot-Rankine relationships and simplified equations-of-state to perform
these calculations. The state of the projectile material and the optimal bumper thickness

are used in a comparative sense to evaluate material alternatives.

The models and other considerations discussed in Sections 3 and 4 are applied to select
a list of candidate materials for the hypervelocity testing program as given in Section
44.

A bumper testing plan presented in Section 5 bases experimental evaluation on testing
equal areal density bumpers with constant projectile conditions. Section 6 gives results
of the impact testing and material comparisons. Section 7 contains conclusions and

recommendations.

Appendix D contains a complete listing of all shots of interest to this study (ordered by
shot number) and data associated with them. Appendix E includes cost estimates for
some material candidates proposed for later screening tests. Lotus 1-2-3 spreadsheet
programs described in this report have been copied onto the computer diskette attached
at the back (Appendix F).
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3.0 Meteoroid/Debris Shielding Requirements

The effects of environmental factors and system requirements on meteoroid/orbital debris

shielding design is discussed in the following sections.
3.1 Bumper Concept

Mamned modules and other sensitive Space Station elements will be shielded from direct
meteoroid and orbital debris impacts by interposing a relatively thin plate of material,
or bumper, some distance in front of the protected structure to intercept the incoming
projectiles.  Impacts with the bumper melts, fragments, or vaporizes the projectile,
throwing material off the front (ejecta) and back (debris cloud) of the bumper. In
previous experimental work, the ratio of ejecta to debris cloud mass was typically 3:7
for thin aluminum and graphite composite targets (42). The debris projected rearward is
a relatively diffuse cloud of projectile and bumper particles that spreads the impact
energy over an area of the inner wall or pressure hull, thus enabling significant weight
reductions over single-wall structures with equivalent impact resistance. Experimental
investigations have demonstrated weight savings of as much as 80 percent over single-
wall configurations (25, 31).

Intense shock waves generated by the impact propagate at supersonic speeds forward
into the bumper and backward into the oncoming projectile, compressing these materials
beyond their original density and increasing temperatures and pressures by many orders
of magnitude. When these compressional shock waves encounter free surfaces, they are
reflected as tensile or rarefaction waves that relieve the pressure back toward zero and
reduce temperatures. The initial compressive shock wave adds entropy to the material
in an amount almost proportional to the peak shock pressure and the material’s shock
compressibility. The release from the shock-compressed state is nearly isentropic, thus,
entropy is transferred to the material by transit of the shock waves. This entropy
increase appears as internal energy or heat (12, p.108; 25, p.11). If the added heat is
less than the material’s heat of fusion, the shocked materiadl releases into a solid but
massively disrupted state. The shocked material becomes liquid if the added internal
energy exceeds its heat of fusion and a gas if the material’s vaporization energy is
exceeded. Table 3-1 lists the shock pressures and required velocity tor aluminum projectiles

to melt and vaporize several different materials. For aluminum-on-aluminum impacts,
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shock heating causes incipient melting of the projectile at approximately 5 km/sec and

completely melts it above 7 km/sec.

The phase of the debris plume--gas, liquid, or solid--is the dominant parameter that
defines the effectiveness of the bumper in protecting underlying structures (3, 25, 33).
Other important variables include the standoff distance between the bumper and inner
wall, dispersion angle of the debris plume, and the size, velocity, and density of the
solid fragments (if any) in the debris plume. Section 4.3 presents analytical model that
quantifies some of these variables and an empirical model based on these variables to
select a candidate list of materials for experimental evaluation as bumpers. Since testing
of candidate materials for inner walls is not expected until a later stage of the program,
no attempt is made to quantify the effect of inner-wall material properties on penetration

protection.

Material properties such as projectile and bumper density, melting and vaporization
temperatures and energies, and shock compressibility or Hugoniot parameters determine
the peak shock pressure and state of the debris plume. The bumper thickness is also
important. An optimally sized bumper will cause the rarefaction wave from the bumper
to overtake the compressive shock wave in the projectile at the instant it has swept through
the entire projectile, ie., at the back of the projectile. This results in the greatest
projectile heating and greatest likelihood of projectile melting or vaporization. In addition,
the rarefaction from the bumper imparts particle velocities with the greatest dispersive
effect on the projectile. If, complete shock compression and rarefaction of the projectile
has been accomplished with the thinnest bumper, the mass of bumper and projectile

material in the debris plume which subsequently impacts the inner wall will be minimized.

An mmpact on too thin a bumper causes the rarefaction wave from the bumper to overtake
the compressive shock wave in the projectile and sharply attenuate it before it completely
traverses the projectile.  This means that a portion of the projectile is only lightly
shocked and will likely strike the pressure hull as an intact solid fragment, with far greater
destructive potential than the rest of the debris plume.

A much more common occurrence is an impact on too thick a bumper. Bumpers are sized
for the largest orbital debris or meteoroid particle that js expected (with a certain

probability) to impact a structure over the duration of the mission. The critical meteoroid
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and orbitai debris particle size for design purposes is determined for the Space Station
habitat module in Section 3.2.1. Because orbital debris and meteoroid fluxes decrease with
increasing size, almost all particles impacting the bumper during the mission will be
smaller than the bumper was designed to protect against. In such cases the projectile
is completely shocked (although it will not be dispersed as well because the rarefaction
comes from the back and sides of the projectile), but the bumper will not be because
the rarefaction from the projectile overtakes the compressive shock wave in the bumper.
Since the rarefaction wave traverses shock compressed material (density significantly
higher that unshocked state), its acoustic velocity is higher than the compressive shock
wave. When the rarefaction overtakes the compressive shock wave, it attenuates it;
thus, the debris cloud striking the pressure hull will likely contain solid fragments of
the bumper. The penetrability of these fragments depends on their size, velocity, and
density. The larger any of these factors are, the more penetrating the fragments will
be. Low density bumper materials are preferred in this case because they produce the

least penetrating fragments.

Impact shock pressure and the resulting phase of the debris plume also depends on
projectile velocity (see equations in Appendix A and C). Generally, shock pressure
increases with projectile velocity. The phase of the particles in the debris cloud tends

to be solid at low velocity, then liquid or vapor as velocity increases.

Thus, the damage potential of the debris plume varies with projectile velocity which
governs the state or phase of the projectile, as depicted in Figure 3-1. This shows the
critical particle size that will penetrate a representative Space Station dual-wall design
as a function of projectile velocity. The baseline module shield configuration consists
of a 0.063" Al 6061-T6 bumper separated by a 4.5" standoff from a 0.125" Al 2219-T87
pressure hull (69). Multilayer insulation (MLI) consisting of 20 to 30 layers of double
aluminized mylar interleaved with Dacron net spacers is mounted between the bumper
and inner wall for thermal control. For this particular dual-wall configuration, projectile
velocity in the 2-4 km/sec range is the most penetrating to the backwall as indicated
by the minimum in the critical projectile diameter curve at these velocities in Figure
3-1.  An extension of this type of curve into higher velocity ranges is given in Figure
3-2. Typically several minimums in the curve occur at transitions in the phase of the

projectile.



Hypervelocity impacts of aluminum projectiles into aluminum (and its alloys) have been
well studied. For the all-aluminum dual wall design represented in Figure 3-1, projectile
velocity and the projectile/bumper debris plume state can be correlated with the "critical"
projectile size that will completely penetrate the second wall. At low velocity (less
than 2-3 km/sec for Al on Al impacts), the projectile remains essentially intact, and as
a result, the critical particle size to completely penetrate the second wall decreases
with increasing velocity because the kinetic energy of the debris plume (essentially single
projectile and multiple bumper fragments) increases. At higher velocities (greater than
3 km/sec for Al on Al impacts), both the projectile and affected bumper material will
fragment into finer particles that are less damaging to the second wall. Thus, the
critical particle size increases above approximately 3 km/sec until about 5 km/sec, when
both the aluminum projectile and bumper begin to melt. Because molten material damages
the second wall to a lesser extent than solid fragments, the critical projectile diameter
will continue to increase until the projectile material has completely melted (at approximately
7 km/sec for Al on Al impacts). Between 7 and 10 km/sec, the material in the debris
cloud remains molten, but gains kinetic energy and momentum, and thus more penetrating.
This means the penetration threshold particle size will decrease after melting is complete
(7 km/sec), or at the end of the dotted line in Figure 3-1. Vaporization begins above
10 km/sec and is not complete until approximately 24 km/sec (for Al on Al impacts).
In this velocity range, the critical particle size will increase because the greater amounts
of vapor in the debris cloud are less damaging than liquid alone to the underlying structure.
Above 24 km/sec, critical particle size will decrease with increasing projectile velocity
while the state of the debris cloud remains vapor (until the transition to a plasma begins).
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Table 3-1. Impact Pressures and Projectile Velocities Which Result in Melting and Vapor-
ization (Ref. 40)

b = L= - = — -
Melting Vaporization
Target Incio:
Material ncipient Complete Incipient Complete Source
[
Pressure Al Imp.ac. Pressure Al Imp.act Pressure Al Imp.act Pressure Al Imp.act
Mb Velocity Mb Velocity Mb Velocity Mb Velocity
km/sec km/sec km/sec km/sec
Magnesium 0. 48 5.40 A
Aluminum 0.70 5.60 1.00 7.0 A
0.67 5.50 0.88 6.6 1.67 10.2 4.70 B
0.61 5.10 0.85 6.5 C
Titanium 1.30 7.60 A
Iron (Steel) 1.80 7.90 2.10 8.80 A
Cadmium 0.33 2,50 0. 46 3.20 A
0. 40 3.0 0.59 3.9 0. 88 5.2 1.80 8.1 B
0.33 2.5 0.43 3.15 0.70 4.4 5.30 C
Copper 1.40 6. 60 1.84 8.00 A
1.40 6.60 1.84 8.00 3.40 12.6 34.00 C
Nickel 2.3 9.00 A
Lead 0.25 2.00 0. 35 2.60 A
0.27 2.1 0.34 2.5 0. 84 4.8 2.30 9.1 B




Figure 3-1. Ballistic Limit For Dual-Wall Structure (Ref. 47)

(Penetration occurs above the line, no penetration below)
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- Figure 3-2. Penetration Mechanisms as Function »f Projectile Velocity for Impacts
on Dual-Wall Structures
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3.2 Space Station Habitation and Laboratory Module Shielding Requirements

Factors important in low weight and cost effective shielding design for Space Station
pressurized modules include survival in the orbital debris and meteoroid environment,
allowable spacing or "standoff" distance between the bumper and backwall, thermal control,
atomic oxygen protection, radiation degradation resistance, bumper support structures,
and repairability issues. Each are described in more detail in the following sections.
The U.S. habitat/station operation (HSO) module and manufacturing and technology
laboratory (MTL) module will be referred to as common modules in this report.

3.3 Orbital Debris and Meteoroid Environment

As given in the Space Station Project Requirements Document (67, p.3-4), all pressurized
volumes (including the habitation, laboratory, and logistics modules, nodes, and airlocks)
shall be considered critical Space Station core equipment (SSCE) covered by the "design
goal" of having a minimum probability of not experiencing a failure that would endanger
crew or Space Station survivability due to meteoroid or debris impact of 0.9955 for its
30-year life (1 chance in 222). A critical failure is defined as a penetration of the
pressure vessel. Project requirements also state that due to uncertainties in both the
meteoroid/debris environments and the behavior of materials in this environment, the
initial design requirement will use a 10-year exposure time period with a minimum probability
value of 0.9955. However, because the environmental and materials databases are anticipated
to grow during the design and development phase of the Space Station, each SSCE’s
protection must be capable of being incrementally improved to provide the required
protection. In addition, the design requirements will probably become more severe as

the various databases mature.

The following sections will assume the 0.9955 probability of no penetration over 10
years applies to each individual pressurized element. If it applied to the entire pressurized
volume of 9 elements (2 modules, 4 nodes, 2 airlocks, 1 logistics module), each module
would require enough protection to drop the probability of no penetration to 0.9995 (or
1 chance in 2000).

3.3.1 Critical Particle Size for Bumper Design
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The bumper for the Space Station common module is sized based on the maximum size
particle that the dual-wall system must stop to meet the required no penetration criterion.
NASA’s recommended orbital debris model (48) and meteoroid model (49), along with
the design criterion of 0.9955 probability of no penetration over a ten-year lifetime in
orbit (50), were used to calculate the critical particle size of meteoroid and orbital
debris that impact the Space Station common module. A total surface area of 192.2 m?
was assumed, based on the common module design given in Figure 3-3. A more recent

2 bumper surface area (68). This difference will not greatly affect

design gave a 204 m
our conclusions. As given in Table 3-2, the common module bumper should be designed
to stop an orbital debris particle of 1.2 cm diameter (2.54 g given a density of 2.8 g/cc)
if module self-shielding is not taken into account. The calculational procedure was

described in a previous report (42, pp. 183-184).

The orbital debris flux is highly directional, concentrated mainly in the plane parallel to
the Earth’s surface and particularly in a region extending 30°-70° right and left of the
direction of flight as given in Figure 3-4. Because of the directionality of orbital debris,
the modules will shield each other from some of the debris flux. Figure 3-5 shows the
critical debris particle size for the common module as a function of the percentage of
module surface area that is exposed to the debris flux. Given a rough approximation of
the self-shielding factor of 0.5 from considerations of the module configuration geometry
(ie., half the module surface area is exposed to debris flux), the orbital debris particle
size for design purposes would be 0.92 cm (1.13 g). The critical particle size that the
bumper should be designed to stop increases approximately 50 percent to 1.4 cm (4.0 g)
if the design lifetime of the common module increases from ten to thirty years and the

no penetration criterion remains at 0.9955.

The 0.92 cm particle diameter represents a lower bound estimate (based on 50 percent
self-shielding) for the maximum orbital debris diameter a Space Station common module
should be designed to protect against based on the 10-year, 0.9955 no penetration criterion.
This design particle prediction contains no information on impact velocity or direction.
However, it appears from examination of actual experimental results given in Figure 3-1
that a 0.92 cm particle would completely penetrate a dual-wall structure representative
of the "baseline” Space Station configuration (including multilayer insulation) at nearly all
particle velocities. In addition, the tests on the baseline configuration were made at

normal impact angles. It is known that oblique impacts (a more realistic case in actual
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space impacts) up to approximately 60° from normal are often more damaging to the
pressure hull than normal impacts (64, p.525 and 12, p.495). Thus, the penetration curves
in Figure 3-1 may even be the best possible by showing only normal impacts. Clearly
then, additional debris and meteoroid impact protection for the common modules is required.
Protection augmentation alternatives include increasing the pressure hull thickness (high

mass penalty), increasing the shield standoff distance, or developing new shield concepts.

In design calculations, the critical particle is typically assumed to be an aluminum sphere.
In experimental work, the test particle is commonly spherical. However, it has been
shown in experimental testing that a tumbling cylindrically shaped projectile is more
penetrating to dual-wall structures than an equal mass sphere (64, p.525). Currently,
not much information exists on the length to diameter ratio of orbital debris (48) although
limited data on aluminum and graphite/epoxy secondary particle L/D ratios has been
published (42). As the orbital debris modeling effort develops and publishes data on debris
particle shape and mass, it will be important to factor this information into Space Station
module development and experimental hypervelocity impact tests to validate the shielding

design.
3.3.2 Bumper Thickness and Mass

The optimum bumper thickness to projectile diameter ratio (t;/d) for aluminum-on-aluminum
impacts at approximately the average orbital debris velocity was determined in Apollo
studies to range from 0.1 to 0.25 (3, 33, 43, 73). More recent investigations for ESA
interplanetary vehicle protection concluded that the optimal bumper should have an areal
density to projectile areal density of 0.25 (25, 32), which also corresponds to ty/d for
aluminum-on-aluminum impacts. Thus, based on the 0.92 cm design particle for a 50
percent shielded common module, an aluminum bumper should be approximately 0.09 cm
to 0.23 cm (.035"-0.09") thick depending on the optimal ratio selected. This means the
shield for each common module will weigh 470 to 1210 kg (1040 - 2660 1b) if it is made
of Al 6061-T6. Bumper structural support columns or rings will add weight to this
estimate. However, the added weight is not expected to be significant. An early Space
Station module design estimated the weight of the support elements as less than 10
percent of the bumper weight (63). The amount of support will depend on the rigidity

of the bumper, with thinner, less rigid bumpers probably requiring more support.
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For a proposed common module design, Martin Marietta estimated the 0.08" Al 6061-T6
bumper mass as 1128.8 kg and the standoff support structure mass as 278.9 kg (68, p.3-
36). Boeing proposed a thinner 0.04" Al 6061-T6 bumper weighing 919 kg including the
support structure (70, p.29).

3.3.3 Module Orientation

The structural design of the inhabited pressurized modules will be driven mainly by the
orbital debris environment. For a 0.92 cm particle and a half self-shielded common
module, the probability of impact from orbital debris is approximately 1 chance in 240
(0.9959 probability of no debris impact), but from meteoroids only 1 chance in 2640
(Table 3-2). From the standpoint of maximizing protection from orbital debris, the
modules should be configured to take advantage of the highly directional nature of
debris and maximize self-shielding. Therefore, with no other consideration. than impact
protection, the current Space Station module would be reconfigured so that: (1) all
modules (including logistics modules) are in the same plane parallel to the Earth, and (2)
for cylindrical objects, the long axis is perpendicular to the direction of the station’s
velocity vector. Because the debris flux is essentially parallel to the Earth (more than
a few degrees in the vertical direction will cause the debris object to enter the Earth’s
atmosphere fairly rapidly), the modules can shield each other only if they are also in
the plane parallel to the Earth. To understand why cylindrical objects should be turned
perpendicular to the velocity vector, consider the situation illustrated in Figure 3-6.
For the current configuration of 2 U.S. common modules and 4 resource nodes, the
module perimeter exposed to debris impacts is twice the length of the configuration
added to the width, or 2 * L + W. However, for the alternative configuration which has
been turned 90°, the exposed perimeter is reduced to 2 * W + L. This reduction in
exposed perimeter translates directly into a reduction of exposed area (approximately
exposed perimeter * Tt * module radius) and a decrease in orbital debris impact probability.

3.3.4 Module Commonality Requirements

The self-shielding factor for each Space Station module varies with the relative configuration
of the other modules. Because sections of each module will be shielded by other modules
from the directional debris flux, they need only be protected against the nearly omni-

directional meteoroid flux. Thus, it may be advantageous to reduce weight by varying

17



the shield structure with the amount of debris flux around the module. However, if
the commonality concept is extended to sizing the dual-wall structure for the entire
module (saving DDT&E costs and reducing spares/maintenance parts), the thickest bumper

(i.e., heaviest) would have to be used for the entire module. In other words, commonality

will force some of the module’s bumper to be over-sized, which implies a weight penalty.
This commonality/weight tradeoff also applies to every module and resource node since
self-shielding will vary for each. Variable shielding configurations should be considered
for the pressurized modules.

3.3.5 Orbital Debris Velocity Distribution

Although the average relative orbital debris velocity in 500 km altitude, 30° inclination
orbit is about 9.3 km/sec, the velocity range is 0-16 km/sec, as given in Figure 3-7
(48). Only about 5 percent of the orbital debris in this orbit will impact at less than 4
km/sec, but over 20 percent will impact at less than 6.5 km/sec. Thus, a significant
fraction of orbital debris at Space Station altitude will impact in the velocity region
where peak shock pressures are less than enough to completely melt the projectile and
bumper fragments. The lethality of these solid fragments can be lessened by substitution
of different bumper materials either to increase peak shock pressures (such as ceramics),
decrease the density and size of the fragments (such as graphite/fepoxy or other fiber-
reinforced composite), or a laminate or combination of the two.

3.3.6 Penetration Criterion

The penetration criterion described in Section 3.3 did not clearly specify whether the
module shield/hull structure should be designed to prevent a complete perforation (or
clear hole) in the pressure hull, or should also prevent spall into the interior. The
spall from the inside of an aluminum hull can include a number of solid fragments with
a clear damage potential to internal equipment racks or crew (12, p.472). One sure (but
heavy) way to prevent spall is to increase the thickness of the pressure hull. For a
certain set of impacts into a single aluminum wall, an empirical correlation developed to
estimate the thickness to prevent complete perforation indicated the wall had to be
twice the crater depth while the wall thickness to prevent the onset of spall was three
times the crater depth (73). However, there are potentially more mass effective alternatives
than to increase the pressure hull thickness by up to 50 percent. Spall can also be
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suppressed by the addition of a polyethylene liner on the inside of the module as illustrated
in Figure 3-8. A similar concept, boron impregnated polyethylene, is used on the interior
of military tanks and other armored vehicles as a combination anti-spall and anti-radiation
liner (see Figure 4-3). A necessity, though, is a clear definition of the no penetration
criterion in terms of perforation prevention or perforation/spall prevention because of it
effect on design of the module meteoroid/debris protection system.

3.4 Effects of Hypervelocity Impact

Figure 3-9 illustrates a hypervelocity impact on a Space Station module by a relatively
large orbital debris fragment, assumed in this case to be a 1 cm diameter aluminum
particle striking at 9 km/sec. The main external effects of this and smaller debris
impacts will be a bright impact flash and the release of a large amount of secondary

particles.

The flash from hypervelocity impacts has been studied (71, 72). From equation 6 in
Ref. 71, the light intensity, I (ergs/s), is proportional to projectile mass, m (g), and
velocity, v (km/s), to the 4.1 power:

I=cl *m*v*!

The coefficient, cl, was derived from graphs in Ref. 72 as 107. Using this equation, a
1 cm aluminum projectile at 9 km/sec impact will release over 5 million lumens, or the
light intensity of over 3,000 hundred-watt light bulbs.

The amount of material ejected from impacts on aluminum structures has also been
studied (42, 74, 75). More work needs to be done to better quantify the mass and size
distribution of secondary particles, but these previous studies have demonstrated that
hypervelocity impacts on thin plates remove 10 to 100 times their own mass from the
target material, with approximately 30 percent of this mass ejected from the front surface
of the target (for aluminum targets). The front surface ejecta then becomes secondary
particles which could potentially collide immediately with other adjacent Space Station

structures or might eventually contribute to orbital debris.
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If the secondary particles have the correct geometry to immediately strike additional
Space Station elements, as portrayed in Figure 3-9, they have the potential, because of
their high velocity, to cause damage in their own right. All elements on Space Station
exposed to primary impacts from meteoroids and debris should also consider the flux of
secondary particles in their design. A previous study estimated the secondary flux will
contribute approximately 10 percent to the primary flux (42). The amount and size of
secondary mass released in the impact is dependant on the type of material impacted,
with non-metallic materials tested in this study ejecting significantly less damaging

material than aluminum.
3.5 Integral vs. Deployable Shields

The standoff distance for an integral (non-deployed) bumper is constrained to between 4
and 6 inches by the payload bay envelope of the Shuttle and the desire to maximize
intemnal volume for crew and equipment. Increased standoff distances could substantially
decrease the thickness and weight of the inner wall. Investigations for Apollo and
Skylab determined that non-optimum pressure wall thicknesses varied as the inverse of the
square root of standoff distance and that spacing was effective up to 100 times the
design projectile diameter (3, 17, 33). Thus, for a 1 cm diameter design particle, increasing
the standoff from 10 cm (4") to 100 cm would reduce the non-optimum pressure wall
thickness and weight by 66 percent. There is a slight advantage to increasing standoff
distance from 4" to 6" as indicated by the results of experimental impact testing given in
Figure 3-10.

Standoff distances greater than 6" would require deployable or erectable shields; EVA
becomes necessary for an erectable option, structural support complexity increases for
a deployable option, and both involve higher DDT&E costs. Shield structural support
mass for an erectable or deployable option may actually decrease since it would not

have to react launch loads.

It appears that the current European Columbus module design utilizes a deployable aluminum
bumper with a 20 cm standoff from a composite pressure hull (52, p.191). An early bumper
deployment study (4, p.47) concluded that inflatable or expandable structures comprised
of flexible materials offered many deployment advantages including low weight, small pre-

deployment volume, and simple erection procedures. Because of the large mass savings
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from greater standoff distances, options for deployable or erectable bumpers should be
studied.

3.5.1 Augmented Protection

Augmented protection for the modules is a compromise between integral and deployable/-
erectable shields that may combine the advantages of both options. The principle of
augmented protection is to proceed along the current design path of an integral shield
except to add appropriate exterior scaring to accommodate additional shielding at a later
date.  Additional shielding could then be added after the modules were on-orbit if:
(1) it was determined that adequate original integral shielding to meet the 10-year 0.9955
no penetration criterion was not possible due to weight constraints, or (2) that updates
of the orbital debris environment definition required a severe increase in debris protection
capability, or (3) additional shielding was necessary to meet the 30-year 0.9955 no penetration
"design goal".

The scars could be as simple as several tapped-hole fittings positioned along the outside
of the module bumper. These scars would allow additional shielding to be erected in
EVA by first mounting 100 cm long graphite/epoxy tubes (with a screwed end-fitting on
one end) into the holes, then attaching the shield to this light weight frame. The
augmentable shield could be either rigid or flexible; rigid bumpers would not require as
much framework (and scars) to keep in place, while flexible bumpers would be easier to

package, launch, and install.

Since the orbital debris environment currently drives the module wall design, it is reasonable
to assume that augmentable shields need only be designed to protect from orbital debris.
This implies that additional shields need not completely encircle the modules to protect
from omnidirection meteoroids; but that they only need protect the front and flanks of
the modules from the highly directional orbital debris (front is in the direction of flight).
Because the Shuttle docks at the nodes in front of the modules, the augmentable shields
may only be positioned along the sides of the modules that face the solar arrays. Because
these two sides of the group of pressurized elements contain most of the area exposed
to orbital debris impact, just augmenting the protection in these areas is probably enough

to significantly reduce the probability of penetration, although this should be studied in
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more detail. If this proves so, scars will be required only on one side of the common

modules.

The original integral shielding design will without question meet the 0.9955 no penetration
criterion for a certain time period. Deploying or erecting the additional shielding can
wait until the penetration probability approaches the limit of the requirements. Scars
can not wait, however, but must be designed and installed prior to launch. This requires
early development and verification work.

3.6 Bumper Support Structure

In a proposed common module design by Martin Marietta, the shield support structure
mass was 25 percent of the bumper mass (278.9 kg and 1128.8 kg, respectively) for each
module (68). The support material in their design was graphite phenolic. . In a Boeing
design, thermal isolation pads are used between the support pieces and bumper suggesting
the material for shield supports is probably metallic (70, p.40). The application of graphite
composites for the bumper supports should be considered because of weight advantages
over aluminum, inherent thermal isolation capability, and lower hypervelocity impact
fragmentation risk.

Support structures for either integral or deployable bumpers should be constructed of
low density materials to minimize the destructiveness of the large, solid fragments that
would be produced from a direct impact on these relatively massive structures by meteoroids
or debris particles (25, p.51). An excellent bumper support structure candidate is graphite/-
epoxy, which is almost half the density of aluminum. Not only would a direct impact
produce far less damaging particles than aluminum (dust vs. fragments - Ref. 42), but
graphite/epoxy would also be extremely strong, rigid, light weight, have a low coefficient
of thermal expansion, and depending on fiber, could either conduct heat or thermally
isolate the bumper from the pressure hull. Low modulus carbon fiber composites have
relatively low thermal conductivities (4 Btu-ft/hr-ftz-"F) while high modulus carbon
fiber composites have thermal conductivities about one third of aluminum’s (32 vs. 99
Btu-ft/hr-ft“-°F for Al 6061-T6). Thermal isolation, which would decouple the module

from the external thermal environment, is preferred.
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3.7 Atomic Oxygen Protection

Atomic oxygen interactions with organic and some metallic materials in low Earth orbit
have resulted in material recession, degradation of optical and thermal coatings, and
conversion of conductive coatings to nonconductive oxides. In general, materials containing
only carbon, hydrogen, oxygen, and nitrogen have high reaction rates. Silicones and
fluorinated polymers such as Teflon are basically stable. Metals, except for silver and
osmium, resist atomic oxygen erosion (53-55).

The ceramic materials evaluated as bumpers in this study would not require protection
from atomic oxygen. However, certain other materials tested, such as graphite/epoxy
and Kevlar, would require protection against atomic oxygen erosion and degradation.
Several atomic oxygen protection coatings have been proposed for the Space Station
graphite/epoxy truss tubes including thin bonded aluminum foil (0.002"--which contributes
less than 5 percent to the total weight of the tubes), vapor deposited aluminum, sputtered
coatings, and silicone or teflon coatings (56-58). Coatings such as these could be applied
to organic based bumper systems without incurring significant weight penalties. If coating
technology developed for graphite/epoxy tubes can be applied to a composite bumper
system, the impact of DDT&E costs for a bumper atomic oxygen coating would probably
be minimal. However, flight hardware production costs would probably be greater.

3.8 Radiation Degradation and Protection

Some materials, such as Kevlar, Teflon, and many other organic compounds, are susceptible
to ultraviolet radiation degradation. Metallic coatings to protect against atomic oxygen
attack would be effective in UV protection of these materials.

The pressure hull of each module provides adequate protection from radiation (70, p.31).
Therefore, alternative materials for meteoroid/debris shielding does not conflict with the
radiation protection requirement for crew.

3.9 Thermal Control

The Space Station modules will have a passive thermal control system using multilayer

insulation (MLI) and exterior coatings or finishes to decouple the module from the external
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thermal environment and to reduce the heat rejection load on the central thermal control
system (52, 59). No integral radiator/bumper design is currently anticipated. Earlier, it
was thought that some portion of the U.S. Laboratory and Habitation module’s exterior
will probably support a low-temperature, body-mounted radiator (52 p.215, 59 p.3-24) for
active thermal control during the assembly phase of the station, and that a likely objective
of thermal control efforts would be to develop an integral radiator/bumper design (64
p.568). This is no longer required. However, passive external coatings, other than an
anodized surface treatment for aluminum shields, will be exposed to erosion or cracking/-
flaking by small micrometeoroids and debris and may need testing to verify their longevity.

3.10 Repairability

In a ten-year lifetime, each common module’s bumper (192.2 m2) will suffer approximately
30 penetrations if the bumper is made of 0.09" thick aluminum bumper, or nearly 600
penetrations if made from 0.035" thick aluminum (see Table 3-3a and Table 3-3b). Based
on experimental data for impacts on thin aluminum targets (12, p.117), it is estimated
that the largest hole in the bumper will be 1.9 cm and 1.0 cm diameter for the 0.09"
and 0.035" thick aluminum bumpers, respectively, after ten years.

Because most of the multilayer insulation (MLI) is positioned against the outside of the
pressure hull, the debris cloud resulting from an impact on the bumper will spread over
a large area of the MLI. Holes of the maximum size calculated may result in significant
damage to the MLI between the bumper and inner wall. Cumulative damage to both MLI
and bumper surface coatings may eventually affect module thermal control or increase the
heat load on the central thermal control system to an unacceptable extent (59). Also,
as the number of holes in the bumper increases, the probability of an impact centered
on an existing hole in the bumper, which would impinge directly on the pressure hull,

increases.

Thus, repairs to the bumper may become necessary at some point. However, no criterion
that specifies what constitutes unacceptable bumper coating or module MLI damage
exists to our knowledge. If repairs are necessary, they will be difficult on-orbit because
they must be made by an EVA astronaut who would probably have to replace sections of
aluminum bumper and MLI. Current efforts are directed at developing integrated bumper/MLI

designs and EVA procedures for on-orbit repair (68). Current bumper designs incorporate
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on-orbit removable panels with quarter-turn quick release attachments to the standoff
elements for easier change-out. Alternatively, the bumper could be repaired after returning
the module to Earth for other refurbishment.

Certain composites under consideration for bumper evaluation may have some advantages
in repairability. = Thermoplastic/graphite fiber composites are being evaluated by the
military because they are tougher than epoxy composites and are easier to repair. A
Torlon/graphite fiber fighter wing is being built for the Air Force to test a concept for
simplifying battle damage repair. It has been reported that heating the thermoplastic
resin after an impact causes it to reflow around the reinforcing fibers, bringing strength
back to nearly 100 percent (60). Presumably, a patch of thermoplastic backed by MLI
and faced with a reflective aluminized coating could be inserted into a hole in a thermo-
plastic/fiber composite bumper by an EVA astronaut. Then using a microwave or thermal
heating device, the astronaut would complete the repair process by heating the plug to

reform the bumper.

Other composites under consideration may reduce the size of the hole. The ESA Giotto
vehicle used a Kevlar/epoxy-foam sandwich inner wall because perforations in the front
wall were partially closed by fibers that "fluffed" back into the hole after impact (25,
36). Other fiber reinforced composites may have similar properties. For instance, thin
graphite/epoxy plates perforated by aluminum projectiles at 7 km/sec (30) had hole diameters
approximately 25 percent less than predicted for equal areal density aluminum plates
using the formula for hole diameter by Gehring (12, p.117).

Potential hypervelocity impact research needs are: (1) to develop a damage criterion
that defines the required conditions for on-orbit removal of damaged bumper panels (2)
to find alternative bumper materials or repair techniques that would minimize on-orbit

EVA repair activities.

3.11 Current Module Wall Design

Both major WP-01 contractors have proposed shielding configurations similar to that
shown in Figure 3-1la (68, 70). An aluminum (6061-T6) shield at a 4.5" standoff from
a 0.125" thick aluminum (2219-T87) pressure hull.  Multilayer insulation between the

bumper and backwall provides thermal protection. The basic difference has been in
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shield thickness: with Boeing at 0.04", Martin Marietta at 0.08", and Marshall favoring
(and testing) a 0.063" shield (69).

A distinguishing feature of the pressure hull is the attached waffling illustrated in Figure
3-11b. Waffling provides panel stiffness for shell stability during launch and landing. The
waffle blades are 0.875 - 1.26" high and 0.09" - 0.12" thick in the Boeing and Martin
Marietta designs, respectively.

The multilayer insulation is described by Martin (68, p.3-4) as 20 layers of double aluminized
mylar interleaved with Dacron net spacers and sandwiched between Kevlar cloth, and by
Boeing (47, p.42) as 30 layers of 0.0005" Kapton. Martin Marietta, Boeing, and Marshall
have all reported that testing indicated MLI significantly increased the penetration
resistance of dual-wall aluminum configurations. In the 4-7 km/sec projectile velocity
range, the test data indicated that 30-layer MLI resulted in a mean improvement in the
particle size causing backwall penetration of approximately 0.2 cm (Figure 3-1).
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Figure 3-3. Common Module Dimensions and Surface Area
(Ref. 51, 52)
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Design Particle Size
PARAMETER VALUE
Meteoroid density (g/cc) 0.5
Orbital Debris dens. (g/cc) 2.8

Table 3-2.

Meteoroid Ave. Vel. (km/s)

Orb. Debris Ave.

Vel (km/s)

Space Station U.S. Common Module Meteoroid and Orbital Debris

Earth’s radius (km)
Station orb. altitude (km)
Alt. in Earth radii

Earth defocusing factor
Earth shielding factor

Impact probability calculations for Space Station U.S. Hab & L.ab modules with 10 and 30 year lifetimes

Item

US Lab Module
or
Hab/Ops Module

Half-shielded
Module

Life-
time
(yn)
30
10

10

combined
met&deb
no impact
prob-
ability

0.9955
0.9955

0.9955

crit
mass

16:9)

9.06

2.52

(cm)

1.835

1.198

0.918

debris
flux @&>
cn't.rznass
#m"-yr
7.510E-07
2.198E-06

4.299E-06

debris

no impact critical
prob. deb.& met.
critical energy
mass&> (joule)
99568 452937
99578 126125
.99588 56744

met.
mass

(&)

2.26
6.31

2.34

6378.145
500
1.078392
0.968596
0.713070
meteoroid
crit. flux at
met. and > than
dia. crit.gxass
(cm)  #/m"-yr
2.053 4.526E-08
1.341 2.153E-07
1.027 5.705E-07

meteoroid
noimpact
probability
crit.mass
&greater

9998
9997

.9996
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Figure 3-6.

Module Orientation (Top View)
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COLLISION VELOCITY DISTRIBUTION

Figure 3-7.

ALTITUDE: 500 km
INCLINATION: 30°
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F igure 3-8. Effects of Laminates on Spall and Penetration (Ref. 12)

B SN

Effects of laminates on spall and penetration—Aflat targets. (a) 12-mm Al;
(b) Al-polyethylene; (c) Al-Cu; (d) Cu—-Al. Projectile: 3-mm Al spheres. Velocity:
7.4 km/sec. All targets equal weight per unit area—3.4 g/cm?.
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Figure 3-9.

Depiction of Hypervelocity Impact Effects
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Figure 3-10.
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Table 3-3a.

Expected Perforations and Maximum Hole Size from Meteoroid and

Orbital Debris Impacts into a 0.09" Thick Aluminum 6061-T6 Plate

Al 6061-T6 Thickness 0.23 (cm)
Density (g/cc) 2.713
Hardness, Brinell 2 110
Young’s Modul? (dynes/cm“) 6.83E+11
Surface Area (m“) 192.2
Design Lifetime (yr) 10
Particle Density (g/cc)

Particle Velocity (km/s)

Particle Critical Diameter (cm)
to avoid perforation (from Cour-Palais, Ref. 43)

Particle Mass (g)
Particle Energy (J)

Particle Flux (#/m2-yr)
with critical diameter and greater

Number of Penetrations
(total surface area over orbital lifetime)

Total Number of Penetrations

Percent Flux

Average Critical Energy (J)

above which results in perforation of the aluminum bumper from Meteoroid & Orbital

Debris Impacts

Max. Particle Size (cm)
Max Hole Size (cm) (Ref.6,p.117)

36

0.09 (in)

Meteoroid Debris

0.5
20

0.0663

7.63E-05

15.26

9.17E-03

18

32

55.26

11.51

0.146
1.90

2.8
9.3

0.0477

1.59E-04
6.87
7.43E-03

14

44.74

0.137
0.93



Table 3-3b. Expected Perforations and Maximum Hole Size from Meteoroid and
Orbital Debris Impacts into a 0.035" Thick Aluminum 6061-T6 Plate

Al 6061-T6 Thickness 0.09 (cm) 0.035 (in)
Density (g/cc) 2.713
Hardness, Brinell ’ 110
Young’s Moduh? (dynes/cm“) 6.83E+11
Surface Area (m“) 192.2
Design Lifetime (yr) 10

Meteoroid Debris
Particle Density (g/cc) 0.5 2.8
Particle Velocity (km/s) 20 9.3
Particle Critical Diameter (cm) 0.0271 0.0195
to avoid perforation (from Cour-Palais, Ref. 43)
Particle Mass (g) 5.22E-06 1.09E-05
Particle Energy (J) 1.04 0.47 '
Particle Flux (#/m2-yr) 2.38E-01 7.07E-02
with critical diameter and greater
Number of Penetrations 457 136
(total surface area over orbital lifetime)
Total Number of Penetrations 593
Percent Flux 77.07 22.93
Average Critical Energy (J) 0.91

above which results in perforation of the aluminum bumper from Meteoroid & Orbital
Debris Impacts

Max. Particle Size (cm) 0.146 0.137
Max Hole Size (cm) (Ref.6,p.117) 1.08 0.55
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Figure 3-11a. Shield, Spacing, and Pressure Hull Configuration
(Ref. 70)

INTERIOR RING:

Figure 3-11b. Common Module Pressure Hull Waffling Pattern (Ref. 70)
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4.0 Shielding Methods and Materials

A spacecraft or other object can be protected from hypervelocity impact by either active
or passive techniques. The target can actively protect itself by maneuvering away from
the threat or by destroying it. As a backup, or--as in the case of large, flexible space
structures--the most likely alternative, the target can be hardened or shielded to protect
underlying structures from damage. For centuries, passive protective techniques have
been employed to protect men and equipment. With the advent of shaped charges that
produce hypervelocity jets of molten metal, conventional armor protection has evolved to
produce designs having possible applications to space structure protection. The following
section describes some current armor designs using materials that could be applied to
meteoroid/debris bumpers.

4.1 Conventional Armor Protection

Shaped charge jets and explosively formed projectiles have reportedly attained velocities
in excess of 10 km/sec (6, p.9-73; 45). To protect combat vehicles from these and
lower velocity threats without incurring severe weight penalties, ceramic armor was
developed and found to be lighter than steel armor for equivalent ballistic protection.
Recent high priority Army demonstration projects include the Composite Turret and
Composite Infantry Fighting Vehicle (CIFV) programs (78, p.38) which have established
the advantages of using composite structural armor in place of aluminum in medium

combat vehicles.

Ceramic armor disrupts the projectile by reducing its kinetic energy through erosion and
by absorbing the impact energy through fracturing and shock compression. Protection is
improved by increasing the amount of ceramic fractured, thereby increasing the energy
absorbed during the impact. A backup plate holds the ceramic in plaée and allows the
stress waves to spread away from the impact point. Figure 4-1 illustrates different
stages of impact into a ceramic target. ' '

Ceramic armor consists of a ceramic frontface with metallic or glass fabric reinforced

plastic backing. An example of current armor design is a combination of alumina (Al,0O4)

backed by an equal thickness of aluminum (41, p.801). Monolithic ceramics such as
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boron carbide (B4C), silicon carbide (SiC), and titanium boride (TiB,) are armor candidates

because they are less dense than alumina.

Although it is desirable to fracture the ceramic, present trends to improve ceramic
armor performance are in toughening the ceramic matrix by adding reinforcements in
the form of continuous fiber, whiskers, or platelets. Reinforcement fibers and whiskers
include graphite, SiC, Al,O3, and silicon nitride (Si3Ny), as well as metals. As given in
Figure 4-2, the reinforcements significantly increase the toughness of the ceramic (46).
The toughened ceramic increases the fracture energy and absorbs more of the projectile
energy than monolithic ceramic does. Other toughening mechanisms include adding a
dispersed phase in the reinforced ceramic (platelets or single crystal flakes of SiC or
other ceramics), pre-loading the surface in compression, and adding a surface energy-

absorbing layer to the composite.

A concept of modern ceramic armor as a laminate or composite is given in Figure 4-3.
The ceramic is contained within special armor boxes between two metallic plates. Apparently,
the box holds the ceramic tiles in place and may also put them in compression, increasing
their effectiveness. The ceramic tiles overlap and are surrounded by a ballistic rubber
that toughens the ceramic system by absorbing some of the impact induced shock deflections
and mechanical strain. A metallized polyethylene liner protects against spall as well as
providing radiation protection. Metal particles of lead or boron are used in these liners
to enhance the neutron-stopping effect of polyethylene, for protection from nuclear

weapon effects.
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Figure 4-1. Phases of Impact into Ceramic/Metal Target
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Figure 4-3. Modern Concepts of Ceramic Composite Armor (Ref. 45)

A = composite armour: 1) main armour, 2) special armour ‘‘boxes’’, 3) ceramic tiles, 4)
support material, 5) secondary anti-spalling armour, 6) anti-radiation liner. B = spaced
armour: 7) external plate, 8) spacing, 9) internal plate, C = reactive armour: 10) reactive
elements, 11) explosive, 12) main armour.
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4.2 Material Property Effects on Bumper Effectiveness

This section describes the effects of physical and material properties on bumper performance.
As described in this section, several materials have characteristics and properties that make
them good bumper candidates, including fiber-reinforced composites, ceramic/aluminum
composites, and laminates. Supporting calculations are presented in Section 4.3. Specific
material candidates are given in Section 4.4.

4.2.1 Density

Several experimental studies have been conducted to investigate the effects of bumper
material properties on overall shield operation (5,8,13,31,34,40). Swift and Hopkins (5)
impacted equal areal density bumper made from a variety of materials with aluminum
projectiles at 7 km/sec and determined the ballistic limit thickness of a backup plate.
They found that performance decreased for bumpers with densities less than approximately
2 gfcc. As discussed in Section 3.1, to defeat orbital debris and meteoroids, the impact
with the bumper must generate shock waves strong enough to melt or vaporize the
projectile.  Apparently, the projectile in Swift’s experiments was not completely shocked
for impacts on the low density bumpers tested and fragments of solid projectile impacted
the second wall. Further discussion of Swift’s work can be found in Appendix B.

4.2.2 Hugoniot Equations-of-State

The peak shock pressure developed at impact can be used as a discriminator to compare
the effectiveness of various bumper materials in disrupting a projectile. Impact pressures
for aluminum projectiles at typical hypervelocity impact conditions (7 km/sec) were
determined using a one-dimensional reverse Rankine-Hugoniot technique described in
Appendix C. As given in Table 4-1 and Figure 4-4, high density metals and ceramics
resulted in the highest impact pressures and would be expected to fragment, melt, or
vaporize an impacting projectile to a greater extent than other materials at nearly any
velocity. (As given in Table 3-1, incipient and complete melting for Aluminum impacts
takes place at approximately 650 and 900 Kbar, respectively.) This approach resuited in
the same impact pressures as the analysis presented in Section 4.3.2 and Appendix A. Of

particular interest in Figure 4-4, are those materials that generate high impact pressures
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(above the pressure necessary to produce melting of an aluminum projectile) at the
lowest density. Ceramics are good bumper candidates by this analysis, especially boron
carbide since it produces a 35 percent greater shock pressure with a density 10 percent
less than aluminum, but also alumina and silicon carbide.

4.2.3 Bumper Thickness to Projectile Diameter Ratio

Although the state of the projectile is important for assessing the effectiveness of
various bumpers in protecting underlying structures, the debris plume that strikes the
second wall also contains significant amounts of bumper materials. In some investigations,
75 percent of the debris cloud was projectile material (25), but a recent study on graphite/-
composite and aluminum thin targets found that only 5-10 percent of the debris plume
was projectile (42). The difference is partly due to the different shield thickness to
projectile diameter ratios (ts/d) used in the studies (0.25 for Ref. 25 vs. 1.4 for Ref.
42). It is not too surprising that as ts/d increases, the amount of bumper material in
the debris plume also increases. Because the shield material dominates as the size of
the projectiles impacting the dual-wall structure decrease, the state of the bumper material
in the debris plume becomes more important in assessing protective ability at higher

tS/d ratios.
4.2.4 Fusion Energy and other Thermodynamic Properties

Thermodynamic properties of the bumper determine the phase of the bumper material in
the debris cloud to a large extent. The most important is heat of fusion; others include
melting temperature, vaporization energy, and vaporization temperature.  The lower
these properties are, the more likely the debris cloud will contain molten or vaporized
bumper particles, which are far less damaging to the protected surfaces than solid fragments.
Section 4.3.1 and Appendix B evaluate different materials based on these properties.

4.2.5 Density of Solid Fragments in the Debris Cloud

No matter what materials are used for the bumper, there is no question that solid bumper
fragments will be produced in many collisions during its orbital lifetime because there
are many more orbital debris and meteoroid particles smaller than the design particle.

Substantial portions of the bumper will remain unshocked in these collisions. Bumper

45



materials which produce low density, finely-divided fragments are preferred in this case
to reduce the ability of these fragments to penetrate the second wall. Certain fiber-
reinforced composites exhibit these characteristics. For instance, graphite/epoxy targets,
due to their brittleness, produce a multitude of epoxy powder and fine fibers upon impact
(25, p.51; 42; 61) and impacts into Kevlar composites generate low density conglomerates
of fibers or "fluff" (8, 36). Since a typical criterion for determining inner wall thickness
is based on resisting penetration from fragments generated in non-optimal collisions,
bumpers which generate less threatening fragments can conceivably reduce inner wall
thickness.

4.2.6 Impact Velocity

As mentioned in Section 3.3, over a fifth of all orbital debris particles intersecting the
Space Station orbit have velocities below 7 km/sec, insufficient to generate shock waves
intense enough to completely melt the particle (assuming the projectiles are aluminum
and using Table 3-1). Collisions between these particles and an aluminum bumper will
produce a spray of solid projectile and bumper fragments, similar to Figure 2-1a, having
serious damage potential to the module hull. As explained in Section 3.1 and shown in
Figure 3-2, solid fragments are more damaging to underlying structures than liquid or

vapor particles.

One approach to decreasing the destructiveness of these fragments is to substitute bumper
materials, such as ceramics, which produce more intense shock waves and a greater
likelihood of melting the projectile (Table 4-1). Borrowing from conventional armor
techniques, the ceramics would be backed by an appropriate material to contain the
ceramic, or toughened by adding appropriate reinforcements to prevent it from shattering
too quickly. Aluminum is widely applied as a backing material; graphite/epoxy would
also be a prime candidate because of its low potential to produce large, damaging fragments.
Note that the ceramic bumper debris will most likely not be melted but should be highly
disrupted. The backing for the ceramic will reduce the hazard from these solid fragments

by reducing the number of ceramic fragments ejected toward the inner wall.

Another approach is to use composites of high-density fibers, fabrics, or dispersed phases
(chopped fibers, whiskers, platelets, etc.) in a low-density matrix. The high density

component, having a large shock compressibility ratio (particle velocity to shock velocity
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ratio), would produce impact pressures high enough to melt or disrupt the projectile.
The low density matrix would produce less-damaging debris particles. For instance,
graphite/epoxy composites with a density of 1.58 g/cc have exhibited advantages over
aluminum bumpers under some impact conditions (62). These findings seem to clash with
the assumption, drawn from some literature sources (5, 31, 34), that materials having a
density of less than 2 g/cc do not make good bumpers. Presumably, the explanation is
that graphite fibers produce strong enough shock waves to melt or substantially disrupt
projectiles in the velocity range of the experiments (5-7 km/sec) because of their relatively
high density of 1.83 g/cc and good shock compressibility characteristics. Data in Marsh
(14) suggests that graphite fibers are highly compressible; compressing 10-20 percent
until they attain theoretical graphite density.

Other possible candidates for improving low velocity bumper performance while maintaining
good high velocity protection are fiberglass, fiberglass graphite/epoxy hybrids, other ceramic
reinforced materials, and laminates of ceramics and fiber reinforced composites. To
maximize initial shock pressures and reduce the debris hazard to the second wall, the
high density material should face toward the oncoming projectile, while the low density
material faces the second wall. Although laminates are proposed here for testing as
bumpers, the best application of laminates may be for the module pressure hull (38, 39).

Shock wave dynamics must be considered to understand potential applications of laminated
materials. An impact induced compressive shock wave that moves into a laminated structure
will be partially transmitted and partially reflected at the laminate interface. The relative
amounts transmitted and reflected depends on the difference in shock impedance of the
two materials, a characteristic which is related to density differences between layers.
More of the shock wave is transmitted as this difference narrows (12, p.474). In a bumper,
the portion of the compressive shock wave reflected at the laminate interface will attenuate
the compressive shock wave in the projectile sooner than the rarefaction from the rear
surface of the bumper. Thus, for the over-designed condition (i.e., at low projectile
velocities and/or at projectile diameters less than the design particle), which normally
results in large fragments of bumper material projected at high speeds toward the second
wall, the top laminate now acts more nearly like an "optimal bumper" by reflecting the
shock wave sooner and dispersing the projectile in a nearly optimal fashion. Since the
transmitted shock wave is less intense, the bumper fragments are projected at a lower

velocity and are therefore less damaging.
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Although a laminated bumper should perform better for non-optimal conditions, it will
not shock a design-size projectile as well as a non-laminated bumper and will therefore
allow larger projectile fragments through for this relatively infrequent case.  Thus,
laminated bumpers are not expected to perform as well as monolithic structures, unless
the density difference between the two materials is small. If the density difference is
small, a properly designed laminated bumper has potential advantages over an equal areal
density monolithic bumper by improving low velocity impact protection while providing
equal high velocity protection.

4.2.7 Density Effects on Debris Cloud Dispersion Angle

As explained in more detail in Appendix B, the dispersion angle of the debris cloud is
expected to be a function of the bumper thickness to projectile diameter ratio (ty/d), as
well as the impact velocity to target acoustic velocity ratio. The dispersion angle should
be narrow for targets having a low tS/d ratio (12, p.118). Thus, for a constant areal
density bumper and given design particle size, low density bumpers will have higher
t/d ratios and a greater potential for a wider debris dispersion angle. The benefits of
a wider dispersion angle are analogous to a greater standoff distance without the additional

weight of longer supports or internal volume trades.
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Table 4-1. Peak Shock Pressures for Bumper Materials Impacted by Aluminum (1100)
Projectiles at 7 km/sec--calculated using one-dimensional approximation (see

Appendix C)
Material Density Impact Pressure
(g/cc) (Mbar)

1 Platinum 21.44 1.95

2 Tantalum 16.66 1.90

3 Gold 19.24 1.86

4 Tungsten Carbide 15.02 1.85

5 97% Uranium 3% Mo 18.45 1.79

6 Copper 8.93 1.53

7 Stainless Steel 304 7.90 1.51

8 Steel (Vascomax 250) 8.13 1.50

9 Lead 11.35 1.50
10 Iron 7.86 1.47
11 Cadmium 8.64 1.44
12 Boron Carbide B,C 2.40 1.36
13 Alumina - Hot Pressed 3.94 1.29
14 Alumina-Coors-15% Silica 3.66 1.17
15 High Density Glass-Shott 5.09 1.12
16 Titanium 4.53 1.12
17 Silicon Carbide SiC 3.12 1.11
18 Al 7075 2.80 0.99
19 Al 2024 2.79 0.99
20 Al11100 2.71 0.98
21 Al 6061 2.70 0.98
22 Mullite 2.67 0.87
23 Teflon 2.15 0.84
24 Quartz 2.65 0.82
25 Graphite, Pyrolytic 2.21 0.77
26 Pyrex 2.23 0.75
27 Carbon-Phenolic Composite 1.35 0.73
28 Mg Alloy AZ31B 1.78 0.73
29 Graphite 1.88 0.73
30 Magnesium 1.74 0.72
31 Glass Si02 2.20 0.70
32 Teflon 2.15 0.66
33 Hi Density Polyethylene 0.95 0.63
34 Silastic Rubber RTV521 1.37 0.61
35 PVC (Boitron) 1.38 0.58
36 Polyimide 1.41 0.57
37 Graphite 3D Weave 1.52 0.56
38 Epoxy 1.20 0.56
39 Acrylic 1.19 0.55
40 Nylon [.15 0.53
41 Polycarbonate Plastic 1.19 0.51¢
42 Water 1.00 0.47
43 Water Ice 0.91 0.43
44 Douglas Fir Wood .54 0.26
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Figure 4-4. Peak Shock Pressure as function of Target Density for Alﬁminum (1100)
Projectiles at 7 km/sec.
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4.3 Analysis of Shielding Materials

Early in this study, analytical tools were developed in the form of models and computer
programs to assist in selecting candidates for a test program of meteoroid/orbital debris
shield materials. Two models are discussed in the following sections. The first compares
materials based on a figure-of-merit constructed from material properties and empirical
correlations found in literature sources. The second compares materials based on peak
shock pressures generated in the impact, energy partition and the resulting state of the
projectile material, and optimal bumper areal density as a function of velocity that
results in shocking the entire projectile at the peak shock pressure. This second model
was developed from one-dimensional analysis using Rankine-Hugoniot relationships and

linear approximations to equations-of-state.
4.3.1 Empirical (Figure-of-Merit) Model Results

An empirical model was developed for evaluating the performance of candidate bumper
materials using a selection criterion based on material property relationships derived

from References 2-6.

For space applications, it is desired to compare the efficiencies of various shielding
materials for a constant weight launched to orbit. Thus, the model assumes that the
shielding areal density (mass per unit area) is kept constant by varying the thickness of
the shielding for materials of different density. The model was designed to quickly
select appropriate bumper candidates based on their physical properties. No attempt was
made to include parameters other than bumper properties that are also important in
evaluating the effectiveness of the entire passive protection system such as spacing,
inner-wall properties, or projectile properties. Appendix B contains a detailed discussion

of the model; a summary of the approach follows.

Although the primary purpose of the bumper is to disrupt (fragment, melt, vaporize,
disperse) a projectile through shock processes, it does possess some penetration resistance
of its own. Thus, impacts below a certain threshold will not penetrate it. The model
calculates a factor, R, that expresses the ability of a fixed areal-density bumper to
resist penetration in terms of the bumper’s speed of sound (C). hardness (BH), and

density (p):
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R = C0-67 « ggg0-25 4 0.5

This equation is based on empirical penetration equations into semi-infinite targets. The
mode]l assumes that resistance to penetration into thick targets is a useful gauge to
differentiate the ability of various thin target materials to breakup projectiles.

The model includes thermodynamic properties of the bumper, which determine to a great
extent the phase of the particles in the debris plume projected behind the bumper. For
bumper materials sufficiently dense to produce shock waves intense enough to melt or
vaporize the impacting projectile, Swift and Hopkins (5) found that bumper materials
that melted in the collision required less second-wall thickness than materials that only
fragmented. Bumper materials that vaporized required less second-wall thickness than
materials that melted. Therefore, to maximize the probability that the bumper material
melts or vaporizes from the impact, the shield material should have a low melting

temperature, T ., and latent heat of fusion, H, as well as low vaporization temperature,

m’
Tv’ and latent heat of vaporization, Hv.

Because aluminum (6061-T6) is the current baseline candidate for Space Station module
shielding, ratios of the thermodynamic properties of candidate bumper materials and
aluminum were determined and a figure-of-merit, FOM, that combines thermodynamic

and mechanical properties was developed ("(al)" stands for aluminum property):
FOM = {Tm (al)/Tm * [Hm (al)/Hm]'5 *[Tv (al)/Tv]'1 *
[Hv (al)/Hv] ! +0.25 * R} p(al)/p

The purpose of the figure-of-merit was to suggest possible alternate bumper materials,
but it should be regarded as arbitrary until a complete series of impact tests has been
done to evaluate its predictive ability. Details of the factors involved in formulating
the FOM is given in Appendix B. A number of materials were evaluated using this
expression to determine their effectiveness as bumpers. A list of these materials in
order of overall effectiveness is given in Table 4-2. One of the limitations of the empirical
model is that it is primarily useful in selecting only metallic materials. Composites are

anisotropic; it is not possible to specify a single value for many of their material properties
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because they vary throughout the structure. Therefore, another model was developed to
analyze the potential effectiveness of a wider range of bumper materials, including compos-

ites.
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Table 4-2. Bumper Material Comparison by Empirical Figure-of-Merit

" (from material properties in Appendix B)

:

e N
N=OOVWRIANEWN -

Material

Mg and Mg alloys
Lead
Cadmium

Al (6061-T6)
Antimony
Iron/Steel
Titanium
Nickel
Copper
Tungsten
Tantalum
Platinum
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Figure-of-Merit

2.03
1.90
1.89
1.25
0.91
0.69
0.67
0.65
0.52
0.46
0.29
0.29




4.3.2 Analytical Model Results

A technique utilizing one-dimensional shock theory was developed for evaluating the
performance of candidate bumper systems. The approach is intended to screen a large
number of potential bumper materials with a minimum amount of calculation. The procedure

provides analytical closed form solutions to determine three items:

1.  Peak shock pressure experienced by the bumper and shield.

2. The amount of internal energy left in the projectile after collision, in effect the
temperature and phase of the projectile.

3. The minimum thickness of shield necessary to produce the peak shock pressure in

the entire projectile.

Conventional hypervelocity impact theory is applied with Rankine-Hugoniot relations for
materials on either side of a shock front and linearized equations of state relating shock
velocity and particle velocity. The procedure assumes that the criteria for a successful
bumper is one that subjects the entire mass of a threatening projectile to a pressure
sufficient to thermally decompose or melt it. The calculated optimum bumper thickness
can then be used to select candidate test materials.

Any projectile/target material combination having the requisite hugoniot constants available
in literature can be selected. The optimum bumper thickness is determined as a function
of projectile velocity, as illustrated in Figure 4-5. At a typical experimental velocity of
7 km/sec, the optimal areal density was used to catalog a number of materials as given
in Table 4-3. A detailed discussion of the model, calculations, and program user’s guide
is given in Appendix A.
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Table 4-3. Results of Analytical Model

Material Selection Based on Fraction of Projectile that Melts and Optimal Bumper
Areal Density

(Calculations based on one-dimensional impact approximation

with a 1 gm, Al 1100, projectile at 7 km/sec)

Impact Opt. Areal

Density Pressure Dens'&y State of
Rank Material (glcc) _(Mb) (Ib/ft7) Al Proj.

LIGHTER THAN BASELINE (IMPACT PRESSURES HIGH ENOUGH TO MELT PROJ.)

1  Composite C-Phen. 1.35 0.72 0.606 Partially Molten
2 Magnesium 1.74 0.71 0.612 Partially Molten
3 Mg AZ31B alloy 1.78 0.72 0.621 Partially Molten
4 Glass Silica 2.20 0.69 0.630 Partially Molten
5 Glass Pyrex 2.23 0.74 0.670 Partially Molten
6 Mullite Al6Si2013 2.67 0.86 0.812 Molten

BASELINE
7 Al6061 2.70 0.95 0.929 Molten

HEAVIER THAN BASELINE
8§ Aluminum 1100 2.71 0.96 0.934 Molten
9  Aluminum 2024 2.78 0.96 0.940 Molten

10 Aluminum (Ref.10)  2.75 0.97 0.944 Molten

11 Aluminum 7075 2.80 0.97 0.950 Molten

12 Aluminum 921T 2.83 0.98 0.961 Molten

13 Silicon Carbide 3.12 1.09 1.137 Molten

14  Titanium 4.53 1.10 1.195 Molten

15  Glass High Dens. 5.09 1.10 1.229 Molten

16  Alumina Coors 3.66 1.15 1.247 Molten

17  Alumina Hot press 3.94 1.27 1.468 Molten

18 Cadmium 8.64 1.40 1.871 Molten

19 Iron (Ref.10) 7.86 1.44 1.930 Molten

20 Steel 1018 7.85 1.46 1.985 Molten

21 Lead 11.35 1.47 2.088 Molten

22  Steel-Vasco250 8.13 1.47 2.007 Molten

23  Steel S/S 304 7.90 1.48 2.026 Molten

24  Copper 8.93 1.50 2.102 Molten
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4.4 Candidate Bumper Materials

A list of candidate bumper materials proposed for the initial screening tests at JSC is
given in Table 4-4. Justifications for considering some of these materials were given in
previous sections. Basically we should consider an all-metallic baseline; low-density,
fiber reinforced composites, ceramics, laminates and hybrids; dual-bumper systems; and
allow testing of several unspecified materials. The composite laminate materials that
have been specified are designed to create large peak shock pressures which will vaporize
or fragment the projectile into fine particles. The resulting shield particles should be in
vapor or molten form, or in a finely divided solid form (dust) to minimize damage to
the inner wall.

The Space Station module design baseline that was available at the start of this study
consisted of a 0.063 inch aluminum (6061-T6) bumper, 4.5 inch standoff (from outside
surface bumper to inside inner-wall), and 0.125 inch aluminum (2219-T87) inner wall (69).
A 30-layer section of insulation installed against the inner wall was also part of this

configuration.

The following alternate bumper configurations and materials were selected for testing
based on their potential to save weight while providing increased protection to the
Space Station crew.

Metallic Candidates. Besides the baseline aluminum alloy (6061-T6), aluminum wire cloth

could potentially produce nearly the same impact shock pressure to disrupt the projectile

with less areal density.

In addition, a corrugated aluminum bumper will be tested. A normal impact on the
inclined face of a corrugated bumper will result in wider dispersion of the debris plume
expanding behind the bumper. Previous tests of oblique angle impacts on plates has
demonstrated that the projectile material tends to expand behind the bumper along its
original flight path while the bumper material is released normal to the plate. Thus,
oblique angle impacts spread the debris across a larger area of the backwall, producing
essentially the same dispersive effect as a larger standoff distance. But oblique impacts
on flat plates are more damaging to underlying surfaces than normal impacts because

larger more destructive fragments are commonly produced. This is due to lower normal
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peak shock pressure and to a higher t/d ratio (12, p.495). Thus, the corrugated bumper
must be thinner; both to have the same areal density as a flat plate, and to have the
correct t/d ratio since the projectile is traveling at an angle through the bumper. The
projectile should "see" the same amount of material with an inclined impact on the
corrugation as it would in a normal impact on an equal areal density flat plate. If a
corrugated bumper is impacted by a critical design size projectile striking at what would
be an oblique angle for a flat plate (essentially hitting at a normal angle to the corrugation),
the projectile will not be as completely disrupted as it would be for a normal impact on
a flat plate. However, the resulting solid projectile fragments will be traveling at an
oblique angle to the backwall (along their original flight path) and would need to traverse
a thicker section of the backwall to completely penetrate it. Thus, a properly designed

corrugated bumper could potentially protect equally well against all angles of impacts.

Another material proposed for testing consists of metallic microspheres dispersed in a
polymeric matrix. The dense metallic material would disrupt the projectile without itself
producing large damaging fragments because it starts out as a collection of microspheres.
The matrix would be needed to hold the microspheres in place. A tungsten/silicone
rubber material was available for the first testing phase. This material contains 77
weight percent tungsten microspheres (randomly shaped, 2-4 micron diameter) bound in a
silicone (type VMQ) matrix. A light (3.7 oz/yd2) Nomex pajama-check cloth backs the
material. Other metals could potentially be substituted for tungsten, such as titanium

(quarter the density of tungsten), aluminum, or magnesium.

The empirical and analytical models indicated magnesium alloys were potentially better
bumper materials than Al 6061-T6 (Tables 4-2 and 4-3). Magnesium alloys have always
been prohibited from applications in spacecraft interiors due to the corrosive environment
within the cabin (65). However, an external application such as a magnesium bumper
would only require protection against corrosion prior to launch, such as exposure to
salt-water environment at the Cape. The thermal protection coating could probably be
designed to protect against pre-launch corrosion as well. AZ31B, a candidate magnesium
alloy, is a weldable alloy containing aluminum (3%) and zinc (1%) available in a wide
variety of shapes including plate and sheet. Magnesium will be tested in the next phase

of the study.
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Dual Bumper Systems. This study tested three wall configurations containing a dual
bumper system. During Apollo, multiple wall structures were tested, but it was concluded
that more than two walls offered no increased protection. In fact, in some cases the
addition of a third sheet increased the vulnerability of the structure (12, p.481). The
intermediate bumper tends upon failure to cause a restriction in the spread of the debris.
This causes a higher load per unit area upon the backwall than would occur if the debris
were allowed to spread.

In this study, an aluminum mesh was used as the outer bumper to disrupt the projectile
into fine fragments without substantially slowing the fragments. The intermediate bumper
then only had to disrupt/vaporize these relatively small fragments, made more possible
by not slowing the fragments. A solid plate of the same thickness as the wire gauge
could have been substituted for the mesh, but with a substantial weight penalty and
with the possibility of substantially slowing the resultant fragments, making it more
difficult for the intermediate bumper to melt or vaporize them. Alternatively, a thinner
solid plate of the same mass as the wire could have been used as the outer bumper, but
it is unlikely the projectile would have been fragmented as successfully as with the

mesh.

The thickness of the mesh wire and the mesh opening were sized to break the projectile
into fragments no greater than the mesh opening. The intermediate bumper thickness

was then determined by this maximum expected fragment size.

The distance between the outer and intermediate bumpers was set at a quarter of the
standoff distance between outer bumper and backwall. This distance was selected because
it was thought that the debris from the initial impact on the outer bumper would have
a relatively low dispersion angle because of the low t/d ratio (see Section 4.2.3). A
larger distance would thus not allow sufficient expansion of the debris plume from the
intermediate bumper before it struck the backwall. Fragments from the outer bumper
impact will not strike the intermediate bumper at precisely the same time due to differences
in velocity and initial spatial location. Therefore, a minimum spacing between outer and
intermediate bumper seemed required to allow the fragments to separate and strike the
intermediate bumper somewhat independently; too small a spacing and a concentrated impulse
load from the outer bumper might plug-out a small area in the intermediate bumper

allowing later fragments through unimpeded. To make comparative assessments meaningful,
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the standoff distance between the outer bumper and backwall for three wall configurations

must stay the same as the standoff distance in dual wall tests.

Metal Matrix Composites. A combination of aluminum (6061-T6) and ceramic whiskers

(SiC) could potentially produce higher impact pressures and greater disruption of an
impacting projectile than just Al 6061-T6. The whiskers are tiny, typically 8 to 20 Win
(20 to 51 nm) in diameter and about 0.0012 in (0.03 mm) long. Thus, the whiskers would
not themselves be expected to result in destructive debris fragments upon impact. Also,
less aluminum would be in the debris plume impacting the second wall. Therefore, at a
given projectile velocity, greater projectile disruption and less damaging bumper debris
is expected for the Al-SiC metal matrix composite than a pure Al 6061-T6 bumper.
Metal matrix materials were tested to verify this hypothesis.

Ceramics and Ceramic Composites. Ceramics produce greater impact pressures and are
thus capable of disrupting an impacting projectile to a greater extent than pure Al
6061-T6 (Table 4-1). As explained in Section 4.1, alumina is a standard material in
ceramic armors and is therefore proposed for testing. The alumina would be backed by
a suitable material, such as graphite/epoxy or aluminum, which would support the ceramic
while producing minimally destructive debris particles. Other candidates include lower
density ceramics, such as B4C and SiC, which result in lower optimum areal density
bumpers (Table 4-3). Recent ceramic armor work is in the area of ceramic-ceramic
composites, such as SiC whisker or fiber reinforced SiC, which improves penetration
resistance and provides multiple impact protection. These new materials are quite expensive,
however, and will be reserved for the next phase of testing.

Graphite Composites. The highest rated material in Table 4-3 was a graphite/phenolic

composite.  Hugoniot data for other composite materials was not available so other
graphite composites (graphite/epoxy (G/E), graphite/thermoplastic, etc.) were not evaluated
but are expected to have similar or improved impact properties as discussed in Section
4.2. Thus, graphite fiber reinforced plastics are proposed for evaluation. Other hybrids
with graphite composites are also proposed which should increase peak shock pressures
and greater projectile disruption, such as fiberglass-G/E laminate and bonded aluminum-
G/E. Graphite cloth is proposed to evaluate the hypervelocity impact protection offered
by a low areal density structure of graphite alone.
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Organic Polymers. Evaluation of polymeric materials such as Kevlar and Spectra (poly-

ethylene) cloth is proposed based on their use in ballistic protection for personnel and
vehicles, as well as the results of analytical model evaluations. As explained in Appendix
A, an energy balance indicated that these low-density materials may result in total
projectile melting, whereas when considering just shock wave heating, they would not
result in projectile melting (Al 1100 at 7 km/sec). If the projectile is completely disrupted,
these materials could result in significant weight savings by virtue of their low density.
This hypothesis was tested.

Inner Wall. The Space Station module baseline material, Al 2219-T87, is the first choice
for the backwall in the evaluation testing. Other materials and structures (laminates for
instance), or liners to suppress spall from the interior wall, could potentially provide
more protection for less weight. They were not evaluated during this phase of testing,

however, which focused on evaluating bumper materials.
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Table 4-4. List of Target Materials for Bumper Evaluation Test

Metals

1. Al16061-T6 (S/S baseline)

2.  Aluminum mesh or aluminum wire cloth
3. Magnesium alloy

4.  Tungsten/Silicone material

5.  Others

Dual Bumper Combinations (first bumper separated by standoff from following bumper)

1 Aluminum mesh and aluminum plate

2.  Aluminum mesh and graphite/epoxy plate
3.  Ceramic material and aluminum plate

4.  Others

Metal Matrix Composites

1. 30-35 vol.% SiC whiskers with Al 6061-T6 matrix
2. Others

Ceramics and Ceramic Composites

1.  Alumina - Coors AD-85

2.  Alumina and Graphite/Epoxy bonded composite
3.  Monolithic SiC or B 4C

4. Reinforced SiC or B 4C

5. Others

Graphite Composites

Graphite/Epoxy (G/E) with and without graphite cloth
Graphite/Thermoplastic

G/E - Fiberglass hybrid (Gr cloth, G/E outer layers, GI/E inner layers)

G/E - Kevlar/Epoxy hybrid (Kevlar outer layers both sides, G/E inner layers)
Graphite cloth or fabric

Al 6061-T6 and G/E bonded composne

Others

Nk wNe-

Polymeric Materials

1. Kevlar

2. Spectra - Ballistic protection cloth
3. Others

Inner Wall

1. Al 2219-T87 (S/S baseline) or Al 2024-T3
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5.0 Test Plan

This section describes the test plan for the experimental stage of this study, including
its purpose and scope, approach, target types, and capabilities of the JSC hypervelocity
impact research laboratory that carried out the tests.

5.1 Objectives

The principal test objective was to evaluate the hypervelocity impact protection afforded
by a broad range of shield materials that were carefully selected after applying analytical
assessments. This experimental evaluation proceeded by (1) selecting a series of material
candidates for shielding applications on Space Station, (2) procuring test materials with
specific areal densities, and (3) conducting the initial material evaluation and screening
tests with the JSC hypervelocity impact test facility.

In the phase after this study, scaled-up versions of a few of the best candidates identified
in these screening tests will be tested at other impact facilities. These tests would be
designed to simulate a Space Station module shield application and would be directly
comparable to existing ballistic limit data for the Space Station module wall baseline.
In addition, screening tests at JSC will continue on materials and configurations not

tested in this phase of the program.

A general objective was to develop the methods and required baseline database to reliably
and quickly compare the relative effectiveness of new and advanced materials and structures
to resist hypervelocity impact damage. The results of the testing can be used by NASA
to specify for a vendor the typical sample parameters (number, areal density, length and
width dimensions, etc.) that are necessary to allow evaluation through comparison to
known baseline results. The results of this study also provide insight into the best
method of evaluating shield materials sent to JSC from various sources that differ widely
from the baseline study materials in areal density and other physical properties.

5.2 Groundrules

Since this phase of the program was essentially an evaluation and screening study of

candidate bumper materials, it was not important to test typical Space Station wall
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configurations with the JSC gun lab. Initial screening tests were performéd on materials
that did not have the same shield or backwall areal density or standoff distance as the
baseline Space Station wall structure. These parameters did remain constant during the
tests for comparative purposes. Other gun facilities will be required to validate the
results of the screening tests using larger projectiles and full-scale Space Station backwalls
and standoff.

Bumper material candidates were studied in this phase of the program, while inner-wall
material candidates (laminates, etc.) will be studied later.

Besides continuing screening and material evaluation, subsequent phases of the shielding
program will focus on the few most promising materials identified in this and other
studies. Variables that could be studied include optimization of shield/backwall areal
density split, oblique impact effects, projectile density and shape effects, alternative
inner-wall design assessments such as liner options to minimize spall, alternative shielding
configurations, and low temperature testing. The precise ballistic limits of a small
number of candidate dual-wall designs could be experimentally determined by a series of
shots in a later study.

5.3 Approach

The primary objective of a passive bumper/inner wall protection system is to provide
the maximum protection to personnel and equipment on-orbit with the minimum mass.
Thus, one method to evaluate candidate bumper materials is to compare the effectiveness

of equal areal density bumpers.

The baseline for the tests used Al 6061-T6 as the shield material (same as Space Station
baseline) and consisted of a bumper/inner wall optimally designed for a particular projectile
energy. The optimum bumper produces the least damaging cloud of projectile and shield
debris for a particular projectile energy. The optimum backwall prevents complete per-
foration (but not spall) with the lowest mass. (Perforations were detected optically in
this study, either by microscope and/or back-light.)  Thus, no lower mass bumper/inner
wall configuration which prevents perforation is possible than the optimal baseline. A

thinner bumper or backwall will result in perforation of the backwall.
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After determining the baseline bumper and inner wall thicknesses, screeﬁing tests were
performed on materials with the same areal density (mass per area) as the baseline
bumper, the same standoff distance, the same impact conditions, and a thinner inner
wall. Thus, any bumper materials that prevent spall and/or perforation of the backwall
obviously performed better than baseline Al 6061-T6. Subsequent tests at progressively

thinner backwalls can verify and quantify the improvement.

Certainly additional tests at other projectile velocities could and probably should be
conducted. However, for screening as many candidate shielding materials as possible
with the fewest shots (and thus at the minimum time, materials, and costs), this procedure
will reliably find materials that do shield better than the aluminum baseline for at least
one projectile velocity. The result is a list of promising shield materials that would form
the basis for subsequent testing at a variety of velocities as well as scaled-up verification
tests with a Space Station design particle (larger projectile). The list of materials can
be prioritized by comparing the extent of damage to the backwall and witness plate
(mounted behind the backwall to catch spall particles). Several other comparative techniques
were presented in another report (66, pp.56-61).

Note, (for those whose favorite material does not perform as well as expected) the
candidate materials that fail this type of screening test are not necessarily less effective
as aluminum. It may mean that the bumper was just not optimized, i.e., it may be too
thick, and a thinner bumper would be more effective. If Hugoniot data existed for all
bumper materials proposed for testing, an optimum bumper thickness could be calculated
using the method described in Section 4.2.2. Since it does not, the best alternative is
to compare the materials based on the relative protection afforded by equal areal density

bumpers.
5.4 Target Parameters

To define the thickness of the screening test materials, the test projectile was selected
to be a 1/8" diameter Al 1100 sphere at 6 to 7 km/sec. As determined in a previous
report (66, based on refs. 3 & 33), an optimal all-aluminum bumper/backwall configuration
consists of a 0.032" thick Al 6061-T6 bumper, 2" standoff, and 0.063" Al 2024-T3 backwall
for the chosen projectile conditions. The areal density of the aluminum shield is 0.22
g/cm2 0.45 lb/ftz). Experimental testing verified that the test projectile was at the
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ballistic limit for this bumper/backwall combination. A detailed description of the results

of tests is given in Section 6. Subsequent testing was conducted on bumper materials
having a 0.22 g/cm2 areal density, 2" standoff, and 0.05" Al 2024-T3 backwall.

The following shield materials were evaluated in this study:

Al 6061-T6

Al 5056 mesh

Al 3003-0 corrugated at 60° angle

Tungsten microspheres imbedded in silicone rubber

Metal Matrix (Al 6061-T6 and 35 vol. percent SiC whiskers)
Alumina bonded to Al 3003-0

Alumina

Silicon Carbide (SiC) cloth

Shuttle Tile (foamed silica with borosilicate glass coating)

R NSRBI

[y
e

Graphite/Epoxy

Al 3003-0 bonded to graphite/epoxy

Al 5056 mesh & Al 3003-0 plate dual bumper (w/ spacing)
Al 5056 mesh & graphite/epoxy dual bumper (w/ spacing)
‘Kevlar cloth

L e
AR S S A

Classified materials

The thickness, density, and type of all unclassified materials tested in this study are
indicated in Table 5-1. A more detailed description of each material is given in Section

6. Classified materials are discussed in the classified addendum to this report.
5.5 Materials for Later Screening Tests

Several other materials looked like promising candidates in our analytical assessments
but were not tested in this phase of the program due to study funding limitations.
They include ceramic/ceramic and graphite composites which could be included in follow-
on screening tests. In addition, the results of this study indicated that dual-bumper
systems incorporating a mesh as the outer bumper offered advantages over single bumpers.

Alternative dual-bumper systems should also be studied.
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A ceramic material that is highly recommended for inclusion in a later étudy is boron
carbide (B4C) reinforced with B 4C whiskers and platelets. As given in Table 4-1, B,C
produces a 35 percent greater peak shock pressure in an impacting projectile with a
density approximately 10 percent less than aluminum. By adding a reinforcement to
toughen the ceramic, it is less likely to shatter on impact. Because the screening tests
required a bumper of a specific areal density and therefore thickness, the cost for a set
of 4 reinforced B4C test plates was estimated as $2,500 (rough-order-of-magnitude or
ROM costs are given in Appendix E). Procuring materials of often non-standard thicknesses
becomes prohibitively expensive. However, budgeting for material procurement must be
included in planning screening tests, as the success of such tests depends on acquiring
the most promising material candidates.

The results of this study indicated that graphite/epoxy was an effective intermediate
bumper and we recommend further testing of graphite composites as the second shield in
dual-bumper systems. A number of graphite composite materials suitable for later screening
tests is given in Appendix E. Costs for these materials are in the $700-$900 range
without acquiring any test spares. The preliminary results of an earlier study indicated
that a graphite/epoxy balsa-core sandwich material performed better than 2219 aluminum
as a backwall or pressure hull (62). Later assessments of alternative backwall configurations
could include the graphite-balsa sandwich and a graphite-balsa-aluminum sandwich (a
thin aluminum interior surface would minimize off-gassing and flammability concerns

intrinsic with use of graphite composites for pressure hulls).

Silicon carbide (SiC) cloth should be tested as the outer bumper in alternative dual-

bumper follow-on tests.
5.6 Hypervelocity Impact Research Laboratory

JSC’s Hypervelocity Impact Research Laboratory (HIRL) contains two light gas launchers.
The small light gas gun has a 1.7 mm launch tube bore and is capable of launching 5 mg
nylon slugs (L/D = 1) at 8.5 km/sec. The medium light gas gun has a 4.3 mm bore and
is capable of launching saboted 1/8" aluminum spheres (45 mg) at over 7 km/sec or 73
mg nylon slugs (L/D = 1) at 7.4 km/sec. Additional details of the capabilities for these
two launchers are described in another report (76). Only the medium light gas gun was

used in this study.
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In screening tests of this kind (i.e., only one shot per material), it is critical that the
shots be "clean". If anything but the projectile hits the target (such as sabot pieces, shear
plate fragments, or even gun powder debris), the data can be seriously compromised and
must be repeated (with financial, time, and limited target penalties). Fortunately, over
the past several years, the JSC HIRL personnel have developed techniques and equipment
that are quite reliable in producing clean shots; perfect for materials screening studies.

The lab offers other advantages. The shot-to-shot turn around time is low because of
the relatively small scale of HIRL’s launchers and because operating procedures have
become greatly refined over the years. For instance, during this study, two and sometimes
three shots per day were performed. This was also partly the result of not having to
alter launcher conditions.

A valuable diagnostic tool at JSC‘s HIRL is a Model 330 IR, high-speed framing camera
manufactured by the Cordin Company. This rotating-mirror camera operates at one
million frames per second with a 5 nanosecond exposure time. It is used to verify that
a shot is "clean", and provides clues to the problem for the infrequent times it is not.
The real value of the camera is in assessing the state of the debris cloud (whether it
contains large fragments or far less damaging smaller particles), determining ejecta and
debris cloud dispersion angles and velocities, and as a cross-check of projectile velocity.
Further details can be found in another paper (77).
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S Table 5-1. Bumper Materials for Screening Test (Phase I)

to Aluainum

70

. Coabined PROJECTILE
: Bumper &  Witness Al 1160 Sphere
: BUMPER Buaper Al 2023-T3  Backplate Plate .
.‘ Areal Backplate freal Al 3003-0 Proj. Proj.  Proj. Proj.
: Bumper Width Llength Thickness Mass Dens. Density Thickness Dens. Thickness  Mass Dia. Vel.  Energy
Shot Material (in} {in) {in} (g} (g/cm*2) lg/ec) {in) fg/cn"2 {in) (ug} {an} {ka/s} [£1]
plusinua Baseline (Normal Impact)
‘ ALSt Al 4061-Tb 6.0 6.0 0.032  30.60 0.22 2713 0.05 0.38 - 45,25 3.7 5.60 984
A228 Al 4041-T6 5.5 T6.0 0,032 46,53 0.22 273 0.05 0.57 9.008  45.09 317 4.37 92t
AZ231 Al 8061-T4 3.5 5.0  0.032  45.18 0.22 2. 0.95 0.57 0.016  45.18 317 8.73 1023
#1350 1 6061-T 6.0 6.0 0,032 50.43 0.22 2713 0,063 0.48 - 45.25 .17 8,45 941
AZ38 Rl 4061-To 5.4 6,0 0,032 45.1% 0.22 2713 0.063 0.46 0.0l  45.23 47 8.48 950
Aluminua and other Metallic Buaper Configurations
Atei Al mesh 8.0 5.0 0.120  47.20 0.20 0.46 0,95 0.55 9.008  43.29 347 6.50 957
(Al 5056}
A223 Corrugated Al 3.0 12,0 0.5i6 41,89 0.22 .74 0.0% 0.57 0.008  45.277 317 6.32 993
(Al 3003-0) (6" corrugated)
A22 Tungsten/ 3.75 3.75 0.0  3L.18 0.34 3.38 0.05 0.70 0.008 45,13 3.7 8.36 971
Silicone
A230 Tungsten/ 4.0 4.0 2.04 3590 0.34 3.38 0.0% 0.62 0.014  45.03 3.1 .70 1018
Silicone
Netal Matrix Coaposites (Al b636i-Té and 35 vi 5il)
Al32 fetal Matrix 4.9 4,0 0.032 22,70 0.22 2.73 0,043 9.60 - 45,29 3.17 8,52 983
157 Netal Matrix 4.0 40 0.032 2.7 0.2 T35 0.95 0.57 0.008  45.t . &.71 1617
RZ20 Hetal Matrix 4.9 4,0 0,032 22,64 0,22 2.74 0.05 W57 9,008  43.3% . 8,46 944
Ceramics and Ceraaic Composites
159 Alumina & Al 4.3 4,5  0.430  27.77 0.21 .nm 8.03 0.6 0.008 45,33 3.7 6,36 978
Azzt Aluaina bonded 4.5 4,5 0.030 2079 0.2t d 0.05 0.37 0.006  45.22 3.7 6.3 a9



Table 5-1 (Cont).

Bumper Materials for Screening Test (Phase I)

Cambined PROJECTILE
Buaper & Witness Al 1100 Sphere
BUMPER _ Buaper Al 2024-T3  Backplate Plate
Areal Backplate fAreal Al 3003-¢  Proj. Proj. froj. Proi.
Buaper Width  Length Thickness Mass Dens.  Demsity Thickness Dens, Thickness Mass Dia. Vel, Energy
Shot Naterial fin} (in} fin} @ fg/on’d)  (g/lee) f{in} {g/ca*2) {in} (ag) {xa} (ka/s} (J}
A237 Aluaina 4.3 45 0,020 24,93 0.19 3.79 0.05 0,55 .0.008 45,25 3.47 6.40 923
A222 §iC 5.1 3.1 0349 38.32 0.23 0.26 0.95 0.58 0.008  45.16 317 . 444 9%
A219 Shuttle Tile 3.28 6.0 0.4%3 45,7 0.23 0.20 0.05 0.58 - $5.27 .47 .32 964
oraghite Coaposites
#225 Graphita/Epoxy 8.8 6.0  0.058  53.1% 0.23 1.56 0.95 9,58 0.016 45.23 47 2,61 338
RiS8 A1 bonded to 6.0 6.0 0.083  62.73 9.27 .68 0.5 0.562 0.603  45.24 .17 4,18 o4
6/E
Dual Buagers
AZZ4 Al azsh - 3.4 oo 6,036 10416 0,65 G, 07 0,45 0,51 0,008 45.30 L 5.3% 723
fluaioun plate 8.4 6.0 0,016 22,43 0.11 2.74
#2338 R mesh -~ 3.3 6.0 0.030 10,42 0.05 .0b 0.0 0.41 0.668  35.99 3.47 6,31 893
B/E 3.3 6.0 0,052 4177 0.20 1.54
Organic Polysers
A1h3 Kevlar 6.9 6.0 0,133 5090 0,22 0.44 0,05 9.57 0,003 45,30 347 7.97 1131
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6.0 Test Results

The following sections report the results of impact tests for the major categories of
materials tested: aluminum plate, metallic configurations, metal matrix, ceramics, graphite
composites, dual-bumpers, and organic polymers. All impact tests used a 1/8" (3.17
mm) diameter aluminum (type 1100) projectile weighing approximately 45 mg at a velocity
of 6.2-7.1 km/sec. Each section includes a description of the material tested, the significant
results of the test(s), and further tests (if any) which should be considered for the
material. Later sections compare the relative effectiveness of each shield and characterize

the secondary ejecta particles from the various materials.
6.1 Baseline Aluminum Bumper

A 0.032" thick Al 6061-T6 aluminum plate with an areal density of (.22 g/cm2 was used
as the baseline bumper for the screening tests. Aluminum 6061-T6 was used since it is
the baseline material for shielding the Space Station habitat and laboratory modules.
The 0.032" thick bumper results in a near-optimum thickness for breaking up a 0.125"
diameter test projectile in the 6-7 km/sec velocity range of the tests (66). The second
wall material was aluminum 2024-T3 which was mounted 2" behind the bumper. Tests
were conducted using 0.05" thick second walls that by calculation would definitely be
perforated with the test projectile, and 0.063" thick second walls which were just at the
perforation ballistic limit. Areal densities for the two bumper/second wall combinations
are 0.57 g/cm2 and 0.66 g/cm2, respectively. For comparison purposes, subsequent testing
of different bumper materials primarily occurred with areal densities approximately equal
to 0.57 g/cm2
backwall areal density. The standoff distance in all subsequent testing was held constant
at 2",

, although a few tests were carried out with the higher combined bumper/-

6.1.1 Normal Impacts

With the projectile impact perpendicular to the bumper (normal impact), baseline target
damage was determined in a series of three tests using a 0.05" Al 2024-T3 second wall
(shot no. AlL51, A228, and A231) and two tests with a 0.063" Al 2024-T3 second wall

(shot no. A150 and A236). Damage to the bumper. second wall, and witness sheet (mounted
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4" behind the second wall) is summarized in Table 6-1; details are given in Appendix D;
and photo documentation in Figures 6-1 and 6-2.

For each of these shots, the 1/8" Al 1100 spherical projectile caused a circular hole in
the bumper that was consistently 2.1-2.2 times greater than the projectile diameter. A
slight lip (0.5 mm wide) also formed around the hole on front and back sides of the
bumper. A bright spray pattern covered the back of each bumper which was resolved
by microscope as fine splash marks made by molten aluminum droplets. This, along with
the increase in bumper mass after impact (Appendix D), indicated that the impact melted
a substantial part of the aluminum projectile which consequently rebounded from the
backwall to strike the back of the bumper.

A nearly circular area of concentrated cratering and blast loading occurred on the backwall.
For all shots with the 0.05" thick backwall, a somewhat irregular hole was produced in
the center of the backwall (shape varied from circular to rectangular) having an average
equivalent circular hole diameter of 4.1 mm (30 percent greater than the projectile
diameter). Several 3-8 mm long through cracks usually emanated from the hole. The
1.9-6.6 mm variability in hole diameter for the three 0.05" tests was due in part to
these cracks because they tended to cause relatively large pieces of the backwall to
fail.

The impacts were at the ballistic limit threshold for the 0.063" backwall; one impact
perforated the backwall while the other did not, although it did result in a 11 mm long
through crack. A 0.5" wide circular spall zone detached from the backs of the second
walls in all 5 shots (with both 0.05" and 0.063" backplates). Spall fragments had in
several places completely penetrated an aluminum (Al 3003-0) witness plate (both 8 and
16 mils thick) mounted 4" behind the second wall, and also left numerous craters. This
demonstrates the destructive nature of spall fragments from aluminum pressure hulls,
and indicates the need and potential beneficial role a liner could play in suppressing
spall damage.

6.1.2 Oblique Impacts

Although the material screening tests did not involve evaluation of oblique impact effects,

two shots were carried out at a 45° oblique angle to a 0.032" Al 6061-T6 plate (shot no.
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A315 and A316). The primary purpose of these shots was to collect data for a more
accurate representation of the trajectory of ejecta particles from an oblique impact
(Figure 3-9). An ejecta catcher, U-shaped 0.008" Al 3003-0 plate placed in front of the
bumper, and high-speed camera film were used for this purpose.

These shots also illustrated that oblique impacts can produce more damage to a backwall.
The impacts were performed with the second wall 2" behind and parallel to the bumper.
As given in Appendix D, 7 holes occurred in a 0.05" Al 2024-T3 second wall (shot #A315)
with a maximum diameter of 5.5 mm (equivalent circular diameter) and 4 holes occurred
in a 0.063" Al 2024-T3 second wall (shot #A316) with a maximum diameter of 5 mn;
significantly more damage than occurred on the baseline normal shots.

6.2 Metallic Bumpers

As described in the following sections, screening tests included other metallic bumper
configurations besides the baseline Al 6061-T6 flat plate: an aluminum mesh, a corrugated
aluminum bumper, and a tungsten/silicone rubber material.

6.2.1 Aluminum Mesh

The bumper consisted of four sheets of aluminum mesh (Al 5056) containing a square 30
x 30 (per square inch) pattern of 0.012" wire. The purpose was to determine if a metallic
fabric had any advantage over a plate, but mesh was substituted because aluminum cloth
was unavailable. The four sheet combination did not have significant straight through
openings (most light transmission was blocked) although no attempt was made to rotate
the mesh sheets; the wires in the sheets were either parallel or orthogonal to each

other.

The all-mesh bumper did a poor job of protecting the backwall as shown in the photographs
of Figure 6-3. Although the fine aluminum spray on the backwall and witness plate was
evidence that a significant portion of the projectile melted in the impact, fragments
perforated the backwall in a dozen places as given in Table 6-1. The combined hole
area in the backwall was equivalent to a 9 mm diameter circle. There was no large
detached spall from the backwall; consequently, witness plate hole size was less than for
baseline Al 6061-T6, although the number of witness plate holes increased with the

number of backwall perforations. Although more data would be needed for confirmation,
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a preliminary conclusion from this test is that mesh or cloth material would by itself

perform less satisfactorily than a single solid plate of the same material.
6.2.2 Corrugated Aluminum Bumper

A 6" x 12" piece of 0.016" thick Al 3003-0 was folded every 1" at a 60° angle to form a
6" square corrugated aluminum bumper with the same areal density as the baseline bumper.
The purpose of the corrugations was to produce a wider dispersion of the bumper/projectile
debris plume than possible with a flat plate. As explained in Section 4.4, an impact on
the corrugated face of this bumper ("normal” to the plane of the bumper) will cause the
projectile and shield debris to separate because projectile particles follow along their
original flight path while bumper particles are released normal to the shield. A wider
dispersion angle provides essentially the same protective influence as a greater standoff

distance without added support structure weight and complexity.

Projectile and bumper debris separation was apparent by the back plate damage pattern
as shown in Figure 6-4. However, in this case, greater separation of these components
was not particularly significant as the impact also produced a large backwall hole (but
no spall). Positional evidence suggests the scalloped hole (nearly 10 mm in equivalent
circular diameter) was made by projectile fragments, and fragments from the bumper
created the craters sprayed out to the left of the hole. The results of this test strongly
resemble the 45° oblique shots described in Section 6.1.2. As in those impacts, the
projectile velocity component into the bumper decreases by the cosine of the impact
angle. Impact pressures decrease in oblique impacts (12, p.495); thus, a simplifying
assumption is to use the velocity cosine as the effective impact velocity. Whereas the
effective projectile velocity for the 45° impacts was 4.2-4.3 km/s, the effective velocity
for this 60° impact was only 3.1 km/s. As described in Section 3.1, the most damaging
velocity range for two wall structures is in the low velocity region (2-3 km/s) when the
projectile is still in relatively large, solid fragments. Also, increasing the standoff
distance in this region is ineffective because the failure mechanism is governed more by
penetration of solid fragments than by blast loading. Thus, most of the backwall damage
is due to insufficient shock pressure at the impact velocity of the test to fully fragment

the projectile.

75



Ejecta from the front surface of the bumper tore an essentially round 20 mm hole in an
adjacent corrugation due to the high obliquity of the shot.  Although this secondary
impact created havoc to the bumper, it only deposited fine particles on the backwall (to
the right of the hole) that did not significantly add to its damage.

From this test, it is not expected that corrugated bumpers will improve the protection
from hypervelocity impacts having velocity cosines of less than 6-7 km/sec. This eliminates
all but flatter corrugations from consideration as candidate bumper alternatives; the
average orbital debris velocity of 9 km/sec means the corrugation angle should be nearly
90° to keep the velocity cosine above 6 km/sec. If another corrugated bumper is tested
later, the folds should be made at 90° or greater, and they need to be sharp and precise.
Extensive backwall damage occurred in this shot partly because the projectile struck near
an edge of a corrugation that was rounded. Thus, some of the projectile impacted at a
more normal angle where the bumper is too thin to shock the projectile completely..

6.2.3 Tungsten/Silicone

The tungsten/silicone rubber material tested is a combination of randomly shaped, 2-4
micron diameter tungsten microspheres (77 weight percent) bound in a silicone (type
VMQ) matrix. A light (3.7 0z/yd2) Nomex, pajama-check style, cloth backs the material.
Because this material has a relatively high areal density (Table 5-1), the damage resulting
to a 0.05" backwall (Shot #A226) should be compared to the baseline Al 6061-T6 with 0.063"
backwall. The combined areal density of the baseline Al 6061-T6 bumper and 0.05"
backwall is slightly less than the tungsten/silicone bumper with a 0.04" backwall; therefore,
compare other shot results on a 0.05" backwall with shot number A230 for tungsten/silicone
(Table 6-1).

Photographic documentation of the backwall and witness plate damage for shot number
A226 and A230 is presented in Figure 6-5 and 6-6, respectively. Because the 0.05"
backwall in shot number A226 showed no holes, through cracks, or significant detached
spall, tungsten/silicone clearly performed better than aluminum 6061-T6 in the heavier
combined areal density category (0.66-0.70 g/cm?‘). A 1.9 mm circular hole was found in
shot number A230’s 0.04" backwall. But because this is equal to the smallest of three

comparable Al 6061-T6 bumper shots, and no significant detached spall from the backwall
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or witness plate damage was visible, tungsten/silicone performance is still rated superior

to the aluminum baseline.

The recognizable characteristics that play a role in producing this result are: (1) the
high density of tungsten which shocks the aluminum projectile to a greater extent than
aluminum (Figure 4-4), (2) the dispersion angle for tungsten/silicone’s debris plume was
25 percent wider than aluminum’s (55° vs. 40° as given in Appendix D), and (3) the
nature of the tungsten phase. A solid tungsten plate is not expected to perform as well
as aluminum from thermodynamic considerations described in Section 4.3.1, because an
impact on tungsten is more apt than aluminum to produce damaging solid fragments.
However, a bumper containing tungsten will not suffer from this problem if the tungsten
phase is already in a finely divided state, as it is with the microspheres in the tungsten/-

silicone material.

The next step in testing this material would be to scale it up for an appropriate Space
Station scale test. An aluminum comparison shot should be made as part of the tests.
As given in Figure 3-1, a 1/3" diameter Al 1100 sphere (0.86 g) at 6 km/s should perforate
a 1/8" Al 2219-T87 backwall at a 4" standoff from a 0.063" Al 6061-T6 bumper (with no
MLI). Keeping the projectile conditions, standoff distance, and backwall constant, a
0.05" thick tungsten/silicone material would have the same bumper areal density (0.43
glem?).
the original screening tests, a 0.06" tungsten/silicone bumper with a 1/9" Al 2219-T87

However, to keep the bumper/backwall areal density split nearly the same as in

backwall should also be considered for testing.

Later screening tests should consider substituting other metallic microspheres for tungsten,
such as magnesium, aluminum, or titanium (in that order of preference). These lower density
metals could potentially reduce the bumper areal density while still sufficiently shocking
the projectile.

-

6.3 Metal Matrix Composites

The metal matrix composite tested in this study was generously provided by Rockwell
International Corporation. The material consisted of 30-35 volume percent silicon carbide
(SiC) whiskers in a Al 6061-T6 matrix. Bumper target parameters are given in Table 5-

1 and a summary of damage conditions following screening tests is given in Table 6-1.
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This material performed marginally better than aluminum. In shot number A152 using a
0.063" backplate, surface damage patterns and detached spall were similar to Al 6061-T6
results (Figure 6-7). However, unlike the Al 6061-T6 shots, no hole or through crack
was detected. In two shots (A157 and A220) with a 0.05" backwall, complete penetrations
were evident, but were approximately 30 percent smaller than the aluminum baseline.
Although its damage reduction ability is not significantly greater than Al 6061-T6, SiC/Al
metal matrix does have the advantage that it is brittler than aluminum alone and tends
to produce smaller ejecta particles on impact (although they are more numerous) as
described in more detail in Section 6.9. Smaller secondaries are presumably less damaging
if they impact other Space Station structures.

6.4 Ceramics and Ceramic Composites

Given the potential advantages ceramics have over aluminum (Section 4.1), several ceramic
materials were included in the screening tests: alumina epoxy-bonded to aluminum,
monolithic alumina, Nicalon SiC fabric, and a trimmed Shuttle tile.

6.4.1 Alumina bonded to Aluminum

This target consisted of a 0.015" alumina (aluminum oxide--Al;O3) bonded to 0.008" Al
3003-0. The alumina used in this study was donated by the Coors Ceramics Company
(type ADS-96R). A generic epoxy glue was used as the bonding agent. Properties of this

composite are given in Table 5-1.

The results of two shots (A159, A221) on this material are given in Table 6-1. In shot
number A159, a small secondary particle also struck the bumper (see comments in Appendix
D); therefore, the shot was repeated. The epoxied laminate did not debond; in fact,
both shots were performed on the same 4.5" square target. The laminate was impacted
on the alumina side, resulting in a clean hole and no cracking or shattering of the
ceramic. However, the aluminum was more severely deformed, peeling back from the
impact 2-3 times the alumina hole diameter. The surface ejecta was far less damaging

to the Al 3003-0 ejecta-catcher witness plate than the aluminum baseline.
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Damage to the 0.05" backwall for both shots resembled the metal matrix pattern. Each
shot resulted in a single backwall hole and a relatively large spalled zone. Although it
is encouraging to note the backwall hole size averaged 2.1 mm, 50 percent less than
the aluminum baseline, the protection afforded by this bumper can not be classified as

significantly superior.
6.4.2 Alumina

Because the results of the alumina/aluminum laminate were favorable, it was thought
that alumina alone should be tested. The target consisted of 0.020" Coors alumina with
no backing or coating. As indicated in Figure 6-8, the alumina broke into several large
pieces. Apparently, the bumper shattered before completely shocking the projectile, as
several perforations of the backwall occurred. An area surrounding the holes in the
backwall was coated by an aluminum spray and no detached spall was evident.

Because this bumper performed remarkably well in melting the projectile before shattering,
it is recommended that a toughened ceramic be included in a later screening test. A
good candidate is boron carbide reinforced with boron carbide whiskers or platelets (see
Section 5.5).

6.4.3 Silicon Carbide Cloth

Nicalon silicon carbide (SiC) cloth in a 8 harness satin weave (M sizing) was procured
from Dow Corning Company, Inc. From the damage documented in Figure 6-9 and Table
6-1, it is apparent that this material by itself does not perform as well as aluminum.
However, high shock pressures were encountered by some of the projectile as evident by
the splash of fine aluminum droplets surrounding the holes in the backwall. Apparently,
the weave of the cloth produces variable shock pressures in the projectile. A solid SiC
plate would probably perform better. But the real advantage with this material may be
in combining SiC cloth with a second solid bumper that shocks any remaining fine solid

debris. This concept is explained in more detail in Section 6.6.

6.4.4 Shuttle Tile
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A Shuttle tile represents a porous class of ceramics, consisting of foamed silica (SiO,)
and a borosilicate glass coating. A tile was sectioned to the correct areal density (0.44"
thick) for this test as given in Table 5-1. Figure 6-10 shows the bumper and backwall
after impact. The projectile impact formed a clean hole on the front borosilicate glass
side, expanded in a cone shape into the low density foamed silica, and exited with a hole
4 times the entry hole diameter (Appendix D). Solid projectile fragments produced the
large (10 mm) hole in the backwall. Performance was obviously substandard.

6.5 Graphite Composites

A graphite/epoxy plate and a laminate of graphite/epoxy and aluminum were included in

the screening tests.
6.5.1 Graphite/Epoxy

A generic graphite/epoxy (G/E) plate was impacted in shot number A225. The G/E plate
had a cloth surface covering that prevented peeling of the surface laminae. As indicated
by Figure 6-11, G/E did not shock the projectile enough to prevent a large scalloped
hole (28 mm) to be punched out by projectile fragments. This was somewhat of a surprise
because a previous study (62) indicated favorable shielding characteristics for G/E. That
study, however, generally used nylon projectiles having a density slightly lower than
G/E. In this study, the aluminum projectiles (density 80 percent greater than G/E) at
the velocity range of the tests did not generate adequate shock pressures to completely
disrupt the projectile. Although it is possible that G/E would perform better than aluminum
at higher impact velocities, the effectiveness of G/E in this test was clearly less than

aluminum.

6.5.2 Aluminum bonded to Graphite/Epoxy

A laminate was made by epoxy bonding a generic G/E plate to 0.008" Al 3003-0. Physical
parameters of this combination are given in Table 5-1. Damage, summarized in Table 6-

I, compares favorably with the aluminum baseline. The backwall suffered three small

(1.8 mm max.) perforations and insignificant spall.
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However, the bumper practically debonded completely. The shock reflection at the
laminate interface was particularly strong due to the difference in density and impedance
mismatch of the laminates (12, p.474), causing the aluminum front surface to peel away
from the impact point. If this material is re-tested, new bonding material and techniques

are necessary.
6.6 Dual Bumpers

The dual bumper considered in this study consisted of a first bumper that would break
up the projectile into fragments without slowing them down, and a second that would
completely shock the remaining small fragments. The distance between the bumpers was
selected to generate the largest possible dispersion of the debris plume. A mesh or
fabric best fulfills the requirements for the outer (or first) bumper at a minimum areal
density, while the second bumper had to be a solid sheet. An aluminum mesh was used
in this study, other materials could be substituted. Two second bumpers were tested:
aluminum plate and graphite/epoxy.

6.6.1 Aluminum Mesh and Aluminum Plate

This dual bumper consisted of a sheet of Al 5056 mesh (see Section 6.2.1) at a 0.5"
spacing from a 0.016" Al 3003-0 second bumper. The distance from the mesh to backwall
remained at 2". Damage to the bumpers, backwall, and witness plate is summarized for
shot number A224 in Table 6-1 and Appendix D. As indicated, the dual bumpers effectively
broke up and melted the projectile (see also Figure 6-12). Most of the impacts on the
backwall were from molten aluminum particles. The solid fragments that remained are
the likely cause of the 2 small backwall perforations (0.8 mm and 0.7 mm in diameter).
There was no backplate spall or witness plate perforations. The results are clearly
superior to the aluminum baseline.

6.6.2 Aluminum Mesh and Graphite/Epoxy Plate
An alternative second bumper material, a generic (cloth covered) graphite/epoxy plate,

was used in shot number A238. Other materials remained the same as shot number A224
(Section 6.6.1).
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The condition after impact of the backplate and witness plate improved over A224.
Figure 6-13 shows that there were no perforations or detached spall from the backwall.
The witness plate was clean (no holes or craters).

These results indicate the highly desirable characteristics of a dual bumper configuration
utilizing a mesh as the outer bumper. A series of shots should be included in later
screening tests to confirm these dual bumper results, optimize the spacing distance
between dual bumpers, and test alternative dual bumper materials. Specific impact tests
are proposed below. They are divided between screening shots at JSC’s Hypervelocity Impact
Research Laboratory and other shots requiring a larger gun facility. The proposed shots
are not an exhaustive list, but merely indicate some that should get early priority because
they help us understand and better define the potential protective capabilities of dual
bumpers.

Proposed Shots at JISC

1. A good alternative candidate for the outer bumper is SiC cloth. The test would
use 2-3 sheets of the SiC for the outer bumper, 0.5" spacing, 0.016" Al 3003-0
second bumper, 1.5" spacing, and 0.05" Al 2024-T3 backwall.

2. Several shots are needed to study the optimum spacing between bumpers. Tests
should use the aluminum mesh and aluminum plate configuration, stepping through

higher and lower spacings.

Proposed Testing at Another Iimpact Facility

After completing screening work at JSC that will develop confidence in a dual bumper
system, it is strongly recommended that a scaled up version of that system, whether it
is the aluminum mesh/aluminum second wall configuration or an alternative bumper material,
be tested at another gun lab. The tests should use the same projectile conditions described
in Section 6.2.3 (1/3" Al 1100 sphere at 6 km/s), and the mesh size should be increased.
The test could be set up as follows:

1.  Establish a baseline: the test projectile should penctrate o 0.032" Al 6061-T6 bumper,
4" standoff, and 0.125" Al 2219-T87 backwall.
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2.  With the same projectile conditions, test an alternative dual bumper system consisting
of a Al 5056 mesh sheet (14 x 14 wires per in.2, 0.028" wire thickness, 0.043" opening,
and 0.12 g/cmz), 1" spacing, 0.045" aluminum second bumper (Al 6061-T6), 3" standoff,
and 0.125" Al 2219-T87 backwall. All spacings to be measured from the back surface
of one plate to the back surface of the other.

6.7 Organic Polymers

Both Kevlar and Spectra (polyethylene ballistic protection cloth) were procured but only

Kevlar was included in this study.
6.7.1 Kevlar

The Kevlar cloth tested was a plain weave material (style #095) having 1000 denier
strands in a 31 x 31 construction. The impact on 8 sheets of Kevlar resulted in the
damage shown in Figure 6-14 and summarized in Table 6-1. The impact shock pressures
were too low to completely shock the projectile allowing fragments to impact the second
wall. The backwall perforations matched to some extent the square pattern of the
cloth.

Follow-on shots may look at the possibility of using Kevlar or Spectra as a intermediate

bumper (either second or third).
6.8 Materials Comparison

Table 6-2 ranks the bumper materials tested in this study based on the number of damage
points accumulated by each (better bumpers have fewer damage points). The top group
of three materials in Table 6-2 compares the heavier areal density class of materials,

while the bottom group is for the lighter category (usually using a 0.05" backwall).

In the lighter category (= 0.6 g/C1n2), the two dual bumper combinations were ranked
highest because the backwalls for these materials had practically no penetrations and no
spall. The tungsten/silicone material and aluminum/graphite ~poxy laminate were ranked

next highest because they protected from spall, although their backwalls did have pene-
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trations (smaller than aluminum baseline). The alumina/aluminum laminate and metal
matrix were rated slightly higher than aluminum because they had smaller backwall holes
although backwall spall was essentially the same as aluminum. Seven materials were
ranked lower than the Al 6061-T6 baseline.

Points are assigned by a formula allocating a maximum 75 points to backwall damage
and 25 points to witness plate damage. An implicit assumption in the formulation is
that hazards to occupants and equipment come primarily from complete penetration of
the pressure hull (leading to decompression, fragments, heat, light, overpressure and
other interior effects associated with a penetration), but may also come from spall particles
which cause many of the same interior effects as a perforation. Thus, primarily backwall
hole size (perforation), but also the amount of witness plate damage (spall & perforation)

are important in assessing the potential hazards from damage.

Points are calculated relative to the maximum damage in the group (Table 6-3). For the
lighter areal density group, the largest backwall hole was for the graphite/epoxy bumper
followed by the Shuttle tile. Because the G/E backwall hole was over twice the size of
any other, the G/E shot collected the maximum 75 points for backwall damage and the
formula calculated points for the other bumpers by relating damage to the Shuttle tile (ST)
backwall hole size, i.e.,

Hole Points = Total Hole Dia./ST Hole Dia * 75

Witness plate damage was assigned 25 points which was divided between the size of
holes in the witness plate (10 points), the number of holes in the witness plate (12.5
points), and the size of craters in the witness plate (2.5 points). This split was rather
arbitrarily settled on after a brief assessment of what will cause more interior damage;
many small penetrating fragments or a few large ones. Since the risk that something
important is going to get hit by a fragment goes up with the number of fragments, the
largest point weighting went to the number of holes. The 10 points for witness plate
hole size was divided equally between the maximum hole and the total hole size (total
hole size is the equivalent diameter of the sum of hole areas). The calculation of witness
plate (WP) points was made relative to the maximum damage in these subdivisions. For

the lighter areal density group, Al 6061-T6 (Al witnew: plate had the largest maximum
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hole diameter and crater diameter, while the Corrugated aluminum (CA) witness plate
had the largest total hole diameter and number of holes. WP points were calculated by:

WP points = (Max. Hole/Al * 5) + (Tot. Hole/CA * 5) + (No. Holes/CA * 12.5)
+ (Tot. Crater/Al * 2.5)

The sum of backwall and witness plate damage points equals the total points shown in
Table 6-2. The break down of points into the various damage categories is given in
Table 6-3. This formulation did not compensate for any difference in projectile energy
or bumper/backwall areal density. The tests were designed to keep these parameters
constant, but of course they did vary. Certainly, some changes in ranking are possible
if a new bumper comparison equation was developed, but the general conclusion that
there are materials with better shielding performance than Al 6061-T6 will remain valid.

6.9 Secondary Ejecta

Ejecta particles (size, shape, mass, velocity) produced by hypervelocity impact are of
interest to some because of the potential these particles have to damage other structures
(42). An ejecta catcher made from 0.008" Al 3003-0 was used to examine some of the
characteristics of ejecta from various materials. The catcher was mounted 4" in front
of the bumper and a hole drilled in the catcher prior to impact allowed the projectile to
pass through without damage. '

Visual examination of the ejecta catchers after impacts on Al 6061-T6 and SiC/aluminum
metal matrix indicated that aluminum ejecta was larger in size but smaller in number
than metal matrix ejecta (see Figure 6-15). A particle count for the metal matrix ejecta
from shot number A152 is included in Appendix D. A hole count was made, diameters
measured, and particle size calculated from penetration equations (43, 44). This activity
was not continued due to funding and time constraints; however, it did indicate the

feasibility of gaining useful data on particle size and number from these ejecta catchers.

Maximum ejecta velocity was determined from high speed film for shots A150 (Al - 6.7
km/s), A157 (metal matrix - 5.2 km/s), A158 (Al & G/E - 3.9 km/s), AI59 (alumina & Al
- 4.2 km/s), A161 (Al mesh - 2.1 km/s), and At63 (Kevinr - 2.4 km/s). The high speed

camera data for these shots is also included in Appendix D.
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Although a quantitative assessment was not made, visual inspection showed that the
number and size of perforations in the ejecta catcher increased in the following order:
Kevlar and aluminum mesh (neither ejecta catcher had any holes at all), alumina/aluminum
laminate (no holes, just etched), aluminum/graphite epoxy laminate (few holes), metal
matrix (many small holes), Al 6061-T6 (many large holes). It therefore seems possible
that an aluminum mesh or other surface treatment could potentially decrease or eliminate

the secondary impact problem.
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Tabtle 6-1 (Cont).

Bumper, Backwall, and Witness Plate Damage

AL 1100 At 2024-T3 WITRESS PLATE
Bumper & Sphere  BUMPER BACKPLATE fivg, Al 3003-9 A¥g. Rpprox.  Avg.
Buaper Al 2026-T3 Backplate (45 ag) Hole Total Detached Witness Hax. fvg. Total Hax. fvg. Total
Areal  Backplate  Areal Proj. Hole to Proj Hole Hole Spall Plate Hole Hole Hole Crater Crater Crater
Bukper Dens.  Thickness  Dens. Vel. Dia. Dia. Husber  Dia. Dia. Dia. Thickness Number  Dia. Dia, Dia, Number  Dia. Dia, Dia,
Shit Raterial  (g/cat?) {in) (g/ca)  (km/s) (ea) Ratio  Holes (W} (na) {aa) (in} Holes  (am) (na) (an)  Craters (sa) (sa} (an)
Ceranics and Ceraaic Coaposiles
A1%9 fluaing & Al 0.2¢ 0.05 0,56 6,56 b6 2.1 i 0.9 12 0.008 t 3.8 3.8 17 9.3 2.3
k221 Alusina & Al 0.2t 0.05 0.57 6.30 8.9 2.8 1 2.8 1.2 0.008 3 3.8 3.3 18 3.0 L&
fiverage Alumina bonded 0,21 0,05 0.57 .43 1.1 2.4 1 0.008 3 3.8 5.9 8.1
to Aluminua
A237 Aluaina G.19 0.05 0.35 6.40 bt 2.1 7 1.9 5.0 0,008 29 1.3 0.6 3.4 100 2.0 0.6 6.4
(avg)
h222 Sil 0.23 9.95 0,58 5,64 3.3 t7 9 2.9 8.6 0.008 125 3.0 0.9 9.9 120 3.3 0.5 Y
(avg)
A219 Shuttle Tiie 0.23 0.05 .58 6.52 3.6 1.8 2 10.3 10.4 -
1.4
Sraphite Coapasites
4225 braphite/Epaxy 0,23 0.05 0.58 b.61 b4 2.0 z 28.2 28,2 0.016 1 0.4 0.4 0.4 70 3.3 1.1 9.6
1.3
7158 Al bonded to 0.27 0,05 0.62 6.18 1.1 2.2 3 1.8 2.0 0.008 0 0 i1 0.3 0.3 0.8
6/E 0.8
0.1
Bual Buapers
A224 Al #esh - Al 0,16 0.05 0.51 6,39 b b 2.1 2 0.8 1.0 0,008 0 0 12 0.3 0.4 0.4
0.7
238 Al aesh - 6/ 0.25 0.03 0,41 6,31 6.1 1.9 0 0 0.008 0 9 6 0

Grganic Folysers
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Table 6-2. Bumper Comparison

Bumper &
Bumper Backplate Al12024-T3
Areal Areal Proj Backplate

Bumper Deni Dens. 2 Energy Thickness Total

Material (g/lem?) (g/cm?) J)_ (in) Points
1. Tungsten/Silicone 0.34 0.70 971 005 04
2. Metal Matrix 0.22 0.66 963 0.063 25.0
3. Al6061-T6 0.22 0.66 945 0.063 100.0
1. Al mesh - G/E 0.25 0.61 898 0.05 0.0
2. Al mesh - Al 0.16 0.51 925 005 7.6
3. Tungsten/Silicone 0.34 0.62 1011 0.04 14.0
4. Al & G/E 0.27 0.62 864 0.05 145
5. Alumina & Al 0.21 0.57 936 0.05 21.0
6. Metal Matrix 0.22 0.57 981 0.05 27.2
7. Al16061-T6 0.22 0.57 976 0.05 409
8. Alumina 0.19 0.55 925 0.05 41.0
9. Kevlar 0.22 0.57 1131 0.05 675
10. Al mesh 0.20 0.55 957 0.05 694
11. SiC 0.23 0.58 996 0.05 73.7
12. Graphite/Epoxy 0.23 0.58 988 0.05 778
13. Corrugated Al 0.22 0.57 903 0.05 913
14. Shuttle Tile 0.22 0.58 964 0.05 100.0
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Table 6-3. Damage Point Breakdown

Dasage Scale
i = Hole & Spall

Buaper & 2 = Hole, no spall fvg. Al 3003-0 Avq. vy, fAvg,  Witness Witness fhvg.  Hitness
Bumper Backplate Al 1100 Spherical Proj A1 2024-T3 3 = Crack (thru) & Spall Total Nitness  Max, Total Ay, Total Nax, Tot. No. Tot,

Averages freal Areal  Proj. Proj.  Proj. Backplate 4 = Spall, no hole Hole Plate Hole Hole Ko, Crater Hole Hole of Crater Tat.
for Buaper Dens. Dens, Mass  Vel, Energy Thickness or thru-crack Dia. Hole Thickeess Dia, Dia. of Dia. Lia. fia. Holes  Dia. Witness  Total
Shots Haterial {g/ca"2) {g/ica™2)  (ag)  (ke/s) (3} tin) 9 = No spall or hole («a)  Foints  (in} (an} (na) Holes  (sa)  FPoints Foints Points Points FPoints  Peints
A150,A236 Al 4061-TH an 0.66 45,24 647 945 0.063 3,1 0.5 75,0 0,016 3.2 3.2 { 6.8 3.0 5.0 12.5 2.9 25,0 100,0
A152 Metal Matrix .22 0.66 45.25 46,932 963 0,663 L] 0 0.9 5.0 5.0 12,3 2.5 25,0 25,0
A226 Tungsten/Silicone 0,34 0,76 45.13 6.5 971 0,05 § ] 0.0 0,008 0 0 0 1.1 0.0 0.9 0.0 0.4 A4 0.4
O R151,A226,A231 Al 4061-T6 22 0.57 45.17  6.97 974 0.05 1 4.1 29.8  0.008 9.3 11.0 8 9.8 3.0 3.2 0.4 2.5 1.1 40.9
= A157,AZ220  hetal Matrix (.22 0,57 45,26 6,59 981 0,05 { 2.8 20,6 0,008 4.1 1.1 § B.0 2.2 2.1 8.2 2.1 6.6 21.2
A158 Al & B/E 0.77 0.2 45,24 b4.18 864 0.05 2 2.0 14,3 0.008 0 0 1 0.8 0.0 . 0.0 0.2 0.2 14,3
A159,A221  Alusina & Al (U3 0.57 45,28 6,43 936 0.05 { 2.1 15.1  0.008 3.8 5.9 3 8.1 2.0 1.7 0.1 2.1 [ 4.0
hibl Al aesh 06,20 0.55 45,29  6.50 957 0,05 2 9.0 65,0 0,008 2.0 3.0 34 2.8 1.1 . 1.7 0.7 44 89.4
7163 Kevlar 0.22 0.57 45,30 7.07 113t 0.05 2 8.1 8.5  0.008 3.0 b.4 102 2.6 1.6 1.9 4.9 0.7 9.1 (YR
A219 Shuttie Tile 0,22 0.58 45.29 6,52 944 0,03 2 10.4 15.0 100.0
222 5it 0.23 0.58 45,14 b.b4 936 0,05 2 8.6 81.8  0.008 3.0 .9 125 G, . 2.9 5.0 1.4 12,0 13.7
H22: Corrugated Al 0.22 0.57 45,27  a32 703 0,05 2 9.8 70.8 0,008 3.3 17.2 260 5.0 1.8 5.0 12.5 1.3 26,5 91.3
224 Al &esh - A} 0.16 0.5 45,30 439 925 0,03 2 1.0 7.9 - 0,008 (i 0 9 0.4 0.0 0.0 0.0 6.1 0.1 1.6
h225 Graphite/Epoxy 0.2 0.58 45,23 &.61 788 0,05 2 20.2 75.0 0,016 0.4 0.4 i 9.6 0.2 0.1 0.0 2.4 2.8 7.8
A3 Tungsten/Silicone 0.3 0.62 45,03 6,70 1011 0.04 2 1.9 1.8 0.016 0 0 0 0.9 0.0 0.0 0.0 0.2 9.2 14,0
k237 Aluwina 0.19 0,53 45,25 6.40 925 0,05 2 5.0 38,3 0,008 1.3 3.4 29 6.4 0.7 1.0 1.4 1.6 4.7 41,0
A238 Al aesh - B/E 6,25 0,61 45,09 6,31 898 0,03 S 0 0.0 0,008 0 0 0 0 0.0 0.0 0.6 0.0 0.0 0.0



Figure 6-1. Photographic Documentation for Shot #A231

.032” A1 6061-T6 bumper, 2” standoff, .050” AI 2024-T3 backwall, 4” spacing, .016” Al
3003-0 witness plate
.125” AI 1100 spherical projectile, 45.18 mg, 6.73 km/sec

FRONT BACK

BUMPER

BACKWALL

WITNESS
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Figure 6-2. Photographic Documentation for Shot #A236

.032” A1 6061-T6 bumper, 2” standoff, .063” AI 2024-T3 backwall, 4” spacing, .016” Al
3003-0 witness plate
.125” AI 1100 spherical projectile, 45.23 mg, 6.48 km/sec
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BUMPER

BACKWALL

WITNESS
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Figure 6-3. Photographic Documentation for Shot #A161

.12” Al mesh bumper, 2” standoff, .050” Al 2024-T3 backwall, 4” spacing, .008” Al

3003-0 witness plate
.125” AI 1100 spherical projectile, 45.29 mg, 6.50 km/sec
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Figure 6-4. Photographic Documentation for Shot #A223

.016” AI 3003-0 corrugated bumper, 2” standoff, .050” AI 2024-T3 backwall, 4” spacing, .008” Al
3003-0 witness plate
.125” AI 1100 spherical projectile, 45.27 mg, 6.32 km/sec
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BACKWALL

WITNESS
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Figure 6-5. Photographic Documentation for Shot #A226

.04” Tungsten/Silicone rubber, 2” standoff, .050” AI 2024-T3 backwall, 4” spacing, .008” Al
3003-0 witness plate
.125” AI 1100 spherical projectile, 45.13 mg, 6.56 km/sec
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WITNESS
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Figure 6-6. Photographic Documentation for Shot #A230

.04” Tungsten/Silicone rubber, 2” standoff, .040” AI 2024-T3 backwall, 4” spacing, .016” Al
3003-0 witness plate
.125” AI 1100 spherical projectile, 45.03 mg, 6.70 km/sec
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Figure 6-7. Photographic Documentation for Shot #A152

.032” Metal Matrix, 2” standoff, .063” AI 2024-T3 backwall
.125” AI 1100 spherical projectile, 45.25 mg, 6.52 km/sec
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Figure 6-8. Photographic Documentation for Shot #A237

.020” Alumina, 2” standoff, .050” AI 2024-T3 backwall, 4” spacing, .008” Al
3003-0 witness plate
.125” A1 1100 spherical projectile, 45.25 mg, 6.40 km/sec
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Figure 6-9. Photographic Documentation for Shot #A222

.035” Silicon Carbide cloth, 2” standoff, .050” AI 2024-T3 backwall, 4” spacing, .008” Al
3003-0 witness plate
.125” A1 1100 spherical projectile, 45.16 mg, 6.64 km/sec
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Figure 6-10. Photographic Documentation for Shot #A219

.44” Shuttle Tile, 2” standoff, .050” AI 2024-T3 backwall
.125” A1 1100 spherical projectile, 45.29 mg, 6.52 km/sec
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Figure 6-11. Photographic Documentation for Shot #A225

.058” Graphite/Epoxy, 2” standoff, .050” AI 2024-T3 backwall, 4” spacing, .016” Al
3003-0 witness plate
.125” A1 1100 spherical projectile, 45.23 mg, 6.61 km/sec
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Figure 6-12. Photographic Documentation for Shot #A224

.03” Aluminum mesh, 0.5” spacing, .016” AI 3003-0 plate, 1.5” standoff, .050” Al
2024-T3 backwall
.125” AI 1100 spherical projectile, 45.30 mg, 6.39 km/sec
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Figure 6-13. Photographic Documentation for Shot #A238

.03” Aluminum mesh, 0.5” spacing, 0.052” Graphite/epoxy plate, 1.5” standoff, .050” Al
2024-T3 backwall
.125” AI 1100 spherical projectile, 45.09 mg, 6.31 km/sec
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Figure 6-14. Photographic Documentation for Shot #A163

.14” Kevlar cloth, 2” standoff, .050” AI 2024-T3 backwall, 4” standoff, .008” Al
3003-0 witness plate

.125” A1 1100 spherical projectile, 45.30 mg, 7.07 km/sec
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Figure 6-15. Ejecta Catchers for Aluminum (Shot #A151) and
Metal Matrix (Shot #A152)

.008” AI 3003-0 plate ejecta catcher, 4” spacing from bumﬁer
Proj.: #A151 45.25 mg, 6.60 km/s; #A152 45.25 mg, 6.42 km/s
#A161 45.29 mg, 6.50 km/s

FACING BUMPER BACK SIDE

SHOT #A151

SHOT #A152

SHOT #A161
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7.0 Conclusions

Major conclusions of the shielding requirements study (Section 3):

7.1

From consideration of no-penetration criteria, module geometry (including self-shielding),
and the orbital debris environment, the modules would need to be designed to
protect against a 1.1 g (0.92 cm) debris particle at a minimum. It appears that the
baseline (0.063" Al 6061-T6 shield, 4.5" standoff, multilayer insulation, and 0.125" Al
2219-T87 backwall) will not offer sufficient protection from a particle of this size
(at any velocity) and will therefore require additional protection to prevent critical
damage, especially if both detached spall and perforation is to be prevented.

Methods to achieve additional protection without a mass penalty include (1) alternative
shielding materials or concepts, and (2) deployable shields to increase the standoff
distance between bumper and inner wall. This study focused on screening alternative
shield materials. Deployable shield concepts should also be studied.

Protection can also be augmented by deploying additional shielding some time (years)
after the pressurized modules have been on orbit. Such augmentation can allow module
design to proceed without great change as long as augmentation techniques are
developed and experimentally verified early and scars are added to the module exterior
to accept additional shielding.

Summary of Findings

Several shielding configurations were rated superior to an aluminum (6061-T6) bumper

based on hypervelocity impact testing; particularly, (1) double bumpers utilizing an aluminum

mesh outer shield and an aluminum or graphite/epoxy second shield, and (2) a tungsten

microsphere/silicone rubber material.

Other conclusions derived from testing and analysis include:

o

Spall fragments can cause substantial damage, even when the backwall is not perforated.
Spall was produced with aluminum (6061-T6) shields but was not with the double

bumpers and tungsten/silicone material.
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Mesh, fabric, or porous materials do not make good shields by themselves, but are
good low mass candidates for the outer shield in dual bumper systems.

Corrugated bumpers do not perform as well as flat plates. The advantage of corrugated
shields in dispersing debris plume particles over a wider area is more than outweighed

by reduced projectile disruption from lower peak shock pressures.

Graphite/epoxy alone did not shield as well as aluminum, however, its protective

capability as a second bumper in dual bumper systems was rated superior.

Laminated shields in this study (aluminum/graphite epoxy and alumina/aluminum)
protected marginally better than aluminum. However, the aluminum layer was
severely deformed, particularly for the Al - G/E laminate, due to -strong shock
reflection (caused by density differences) at the interface. From analysis, the
performance of laminates as bumpers should suffer because shock waves reflect at
the layer interface. This, however, is an advantage for the inner wall because it
can suppress spall. Laminated inner walls and/or inner wall liners should be considered
for Space Station module hulls to reduce spall.

Ceramic plates need to be backed, supported or toughened in some way to avoid
complete shattering. Toughened ceramics by reinforcing with ceramic whiskers and
platelets should be experimentally evaluated.

Al 6061-T6 had the most damaging ejecta particles. Brittler targets (alumina, metal
matrix), or less dense materials (Kevlar) had less damaging ejecta. Ejecta from
aluminum mesh was not damaging at all.

7.2 Recommendations

This study has determined that certain shielding concepts offer the promise of greater

protection at less weight than aluminum. Additional testing in the JSC Hypervelocity

Impact Research Laboratory is recommended to provide a larger database on these materials,

to screen additional shield materials, and to test alternative inner wall concepts designed

to suppress spall. Specific tests include:
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1.  Substituting SiC cloth for the aluminum mesh in a dual bumper study. To be comparable
to earlier results, the test should use 2-3 sheets of SiC, 0.5" spacing, 0.016" Al
3003-0 second bumper, 1.5" standoff, and 0.05" Al 2024-T3 backwall.

2.  Determining the optimal spacing between dual bumpers by using the aluminum mesh/-
aluminum plate configuration tested in this study as a baseline, and stepping through
higher and lower spacings.

3. Determining if a less ductile aluminum second bumper such as Al 6061-T6 (0.016"
thickness) would perform better by reducing the channeling of front sheet debris.

4.  Screening additional candidate bumper materials, particularly boron carbide ceramic
reinforced with boron carbide whiskers or platelets, graphite composites (as second
plate in dual bumper configuration), and magnesium alloy AZ31B.

5. Testing the ability of a backplate liner to prevent spall. Polyethylene is one candidate
liner but flammability issues should be considered. Candidate backplate/liner com-
binations should be tested at the same areal density as the baseline backplate for

comparative purposes.

Testing is recommended at another impact facility capable of launching 1/3" Al 1100
spherical projectiles at 6 km/sec. The purpose of these tests would be to verify that
materials identified in subscale screening tests operate the same way with a larger particle.
Tests should include shots on an aluminum baseline for comparative purposes. From the
results of this study, the following shots are proposed to confirm that dual bumpers
and tungsten/silicone materials can be successfully scaled. However, the materials proposed

for testing at another facility are likely to change after further screening tests at JSC.

1. Establish an aluminum baseline with a 1/3" Al 1100 projectile at 6 km/sec: 0.032"
Al 6061-T6 bumper, 4" standoff (no MLI), and 0.125" Al 2219-T87 backwall.

2. At the same impact conditions, test an Al 5056 mesh (14 x 14 wires per inz, 0.028"
wire thickness) outer bumper, 1" spacing. 0.045" Al 6061-T6 second bumper, 3"
standoff, and 0.125" Al 2219-T87 backwall.
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3. At the same impact conditions, test a 0.06" tungsten/silicone material bumper, 4"
standoff, and 0.11" Al 2219-T87 backwall. If 1/9" Al 2219-T87 is unavailable, test
a 0.05" tungsten/silicone bumper, 4" standoff, and 0.125" Al 2219-T87 backwall.
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INTRODUCTION

This appendix presents a "quick look" technique for evaluating the performance of candidate
bumper systems when subjected to hypervelocity impact. The criteria for a successful
bumper are: 1) that impact with the shield material will deposit enough internal energy
in the projectile to cause it to melt or vaporize and 2) that the shield is thick enough
to subject all of the projectile to peak shock pressures.

The technique uses one dimensional shock theory to determine the minimum impact
velocity required to melt a variety of projectiles by comparing the internal energy required
to melt or vaporize the projectile with the amount of internal energy increase in the
projectile following impact. The procedure assumes that the criteria for a successful
bumper is considered to be that it subjects the entire mass of a threatening projectile
to a pressure sufficient to melt it. Calculated peak shock pressures may be directly
compared to the established peak shock pressures required to melt materials. If a shield
is too thin, the rarefaction wave emanating from the back of the shield catches up
with the compressive pulse emanating from the projectile shield interface before the
entire projectile is subjected to the peak shock pressure. A calculation is done using a
simple linear relation between shock and particle velocities and rarefaction wave velocity,
to estimate the minimum thickness of a shield for projectiles of interest. Obviously the
bumpers will be too thick for much smaller projectiles, and a threat of spall exists for
the smaller projectile. The current analysis does not consider spall processes.

CALCULATIONS

The concept considered is that of the hypervelocity impact protective shield, or Whipple
bumper (29). The approach used here is intended to screen a large number of potential
bumper materials with a minimum amount of calculation. The models are simplified with
large numbers of assumptions so that the numerical solutions are arrived at from closed
form solutions to the relevant equations. The approach used is based on work from
the early phases of bumper studies in the 196(0’s, but is supported by a much broader
body of experimental data on equations of state relating shock and particle velocities,
pressures, and material densities than was available during the Apollo era. The formulation

of the problem follows the logic used in Gault and Heitowit (10), Maiden et. al. (13),
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Cour-Palais (3) and Kieffer and Simonds (11). A review of the more recent investigations
to support the Comet Halley missions (32) indicates that the basic assumptions used in
the analysis are still regarded as acceptable, although the solution technique lacks the
geometric sophistication of the hydrodynamic code models. However the total cost of
this analysis is a few percent of the cost of a hydrodynamic code calculation.

The calculations that are presented here focus on determining three items:
1.  Peak shock pressure experienced by the bumper and shield.

2. The amount of internal energy left in the projectile after collision, in effect the
temperature and state of the projectile.

3. The minimum thickness of shield necessary to produce the peak shock pressure in
the entire projectile.

The procedure which is used here provides analytical closed form solutions to the relevant
equations by following the well-trodden path of hypervelocity impact theory, using Rankine-
Hugoniot relations for materials on either size of a shock front and approximating equations
of state with linear relations between shock and particle velocities.

An approximate one-dimensional approach is used to allow rapid evaluation of a large
number of projectile and shield materials with combinations of impact velocity, projectile
size, and shield thickness. The goal of the model is to predict the fraction of the
projectile that is shocked and the peak shock pressure to which the bumper and projectile
are subjected. The basic criteria for a successful bumper is one which shocks 100 percent
of a projectile to a pressure which will melt the projectile. An ancillary consideration
is that the shield immediately in front of the projectile shock also be shocked to a
level that it is melted, or at least fragmented to very small particles.

In this initial phase of the analysis, it is assumed that the impact is between two semi-

infinite (half-space) masses which make contact with a planar interface. The geometry

and nomenclature are shown below.
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The frame of reference for the calculations is that used by Gault and Heitowit (10) and
Kieffer and Simonds (11), with velocities referred to the materials prior to the time of
impact. The target velocities are determined with respect to the back of the shield and
projectile velocities with respect to the back of the projectile. This convention is
different from that used by Maiden et. al. (13).

PEAK SHOCK PRESSURES
This analysis of peak shock pressures follows the established practice of Gault and
Heitowit (10) and Kieffer and Simonds (11) in modeling a one-dimensional impact. The
starting point is the Rankine-Hugoniot equations for the conditions on either side of a
shock front.
Conservation of momentum

P-Pp=108Up 1)
Conservation of mass

3y U=38(U-p) (2)

Conservation of energy
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E-Eg =100 (P +Pp) (V- V) /2 3)

As a practical matter the initial pressures and internal energy can be assumed to be

zero, thus equation 1 simplifies to

P=100Uup (1a)
and equation 3 simplifies to

E=100P (V- V)/2 (3a)
or, in terms of densities:

E =100 P [(1/8g) - (1/3)] (3b)

The equation of state used in all of the analyses is in the form of a linear relation for
the shock velocity and particle velocity:

U= CO +SU (4)
This relation has been demonstrated as a satisfactory approximation for virtually all
solids that are free of phase changes over the range of interest and of substantial initial
void space (23) (see the diagrams in Reference 14 for numerous examples).
The critical assumption in the analysis is that the material within the shocked region

on either side of the contact surface is at a single shock pressure and is moving as a
single unit with one speed. Mathematically, this means that

Vi=Hp + My , 5
and

(6)

123



Using equation 4 to eliminate the shock velocity in equation la
P =103, (cq+spwp

and equation 5 to eliminate Hp results in the expressions:
Pp =10 80p [ cg +s¢ (v - RPIV; -1p)

Py =10 3 (cp +5¢ My ) By

Peak shock pressures are calculated by solving the following quadratic equation for the

particle velocity in the target, j,.
SP[COP + Sp (vl = Ht)](Vl = u't) = 80t(c0t + St ut)u‘t
The standard solution for a quadratic equation is:

M= -b¥ (b2 - 4ac)0
2a

where,
a= (8, sp) - (Bgy 5p)
b=-012 60p Sp Vl) - (60p C()p) - (Sot COt)

c= (60P Vi Cop) + (SOP Vl2 Sp)

The quadratic has two solutions. The solution selected is in the range of 0.1 to 1.0

The value
of the particle velocity in the target, L, is substituted into the linear shock-velocity/-

times the impact velocity while the other solution has no physical meaning.

particle-velocity Hugoniot (equation 4) to determine the shock velocity, U,.

Up=coe + 8¢ iy
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The shocked density of the target is calculated by substituting into the equation for
conservation of mass (equation 2).

8y = (8, Up / (Uy - y)
Finally, the shock pressure (P=Pt=Pp) is calculated by substituting values for shocked
density, particle velocity, and shock velocity into the equation for conservation of momentum
(equation 1).

P =106, U, ,
The particle velocity in the projectile, Hps is calculated using equation 5:

Hp = Vi~ Ky
and the shock velocity in the projectile from equation 4.

Up = cop +5p Hp

The projectile shocked density is determined in a manner similar to that used for the
target.

8= (Bgp Up) / (Uy - 1)

These calculations are performed on a simple Lotus 1-2-3 spreadsheet, since all of the

solutions are in closed form.

KINETIC AND THERMAL ENERGY PARTITION
BETWEEN THE PROJECTILE AND SHIELD

A key calculation useful in evaluating the relative performance of different bumper

materials is to compare the amount of heating, melting, and vaporization of the threat-

ening projectile. Following the logic used in Gault and Heitowit (10) and Kieffer and
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Simonds (11), the total energy retained by the projectile out of the initial kinetic energy,
0.5* IO*SOP*Vp*viz, when it has been subjected to the peak shock pressure is

5 80p Vp [(v; 9% + 17 (17)

and the retained kinetic energy of the projectile (contained in the ejecta and remaining
projectile) is

2
10 8, Vi 12 /2 (18)

The difference between the two is an estimate of the amount of internal energy retained
in the projectile. In the spreadsheet, ratios of the retained internal energy to the
energy required to melt and vaporize the projectile are calculated, yielding the estimated
state of the projectile.

This calculation estimates the state of the projectile from an energy balance, not by
. calculation of the P-V work done by the shock process from the difference between the
area under the Hugoniot compression and isentropic release curves on a P-V diagram.
Projectile melting and vaporization can occur from thermal energy added during shock
compression and release. As given in Table 3-1, impact pressures of approximately 650
Kbars will result in incipient melting of a aluminum projectile while 900 Kbars will
completely melt an aluminum projectile. However, this calculation sets an upper bound
on the temperature to which the projectile may be heated from a simple energy partition
approach. The results suggest that there is enough energy to melt an aluminum (1100)
projectile for many low density materials, although the melting may not be due to shock
compression and release (lower half of Table A-1). This implies low density materials
may disrupt projectiles to a greater extent than would be concluded from consideration

of shock processes alone.

MINIMUM THICKNESS OF SHIELD

An estimate of the minimum shield thickness required to completely shock the projectile
is calculated using the logic of Maiden et. al. (12. ch. 4: 13) »although the results presented

here differ somewhat. The basic assumption made is that the entire volume of the
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projectile must be swept by the compressional shock wave following impaét and prior to
the arrival of the rarefaction wave reflected off the back of the shield. For shield
materials that are thin in comparison to the projectile, the rarefaction wave travels
though compressed projectile material and thus has a shorter distance to travel than the
shock wave, which travels through unshocked material.

The equation to be solved is the time for the shock to travel through the unshocked
projectile, TOp’ equals the sum of the time for the shock to travel to the back of the
unshocked shield, TOt’ plus the time for the rarefaction to travel back through the
compressed shield, Ty, plus the time for the rarefaction to pass back through the projectile,

Ty, where
Top =L,/ (10Uy) (19a)
Toe =L,/ (10U (19b)
T, =L, 8,/ (10 §,Cp) (19¢)
T, =Ly, 80, / (108, Cp) (19d)

The sound velocity of the rarefaction in the highly compressed material is calculated
using the same relation that was used by Maiden et. al. (13).

C=U {049+ [(U - wyu)?) 93 (20)
Combining equations 19 (a-d) and solving for ratio of shield to projectile length gives
Ly/L, = ((1/U,) - [8,/(8, CIN([8gy/(3, Cpl + (1/Up)
which can be solved for the optimum shield thickness, L,, given projectile diameter, Lp'

INPUT DATA

A variety of sources of data have been searched out to find published Hugoniot data

for the constants in equation 4 (9-16, 21-23, 26-28). The most comprehensive lists are
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in Kinslow (12, p. 371) and Marsh (14). The values of the constants for aluminum and
basalt used by Gault and Heitowit (10) are also included. The calculation procedure
was verified by duplicating the results of Reference 10 for aluminum impacting basalt.
For materials without significant phase transformations, the linear shock-velocity/particle-
velocity parameters are appropriate for the entire data set. However, for most of the
other materials, one or more phase transformations are present. In those instances,
the parameters ¢ and s represent a fit to the higher pressure portions of the published
data, typically with pressures above 150-200 kilobars.

Hugoniot data for composite materials is presently not abundant. None is available for
graphite epoxy composites. = Munson and Schuler (16) and the works referenced therein
review a number of procedures for calculating Hugoniots for composites using data on
the component materials and the volume proportions. However, the current analysis has
not been able to fully explore the composite models and test their results against data
for a number of composites for which data does exist (e.g. epoxy and paraffin combined

with a number of minerals as given in Reference 14).

The spreadsheet also contains thermophysical properties for a number of the pure elements
and simpler compounds. Data of particular interest is the energy content for the melted
or vaporized state, because most of these simple materials may model projectiles. For
orbital debris problems the values for aluminum, either the Gault and Heitowit (10)
values or those for 1100 aluminum are well defined, as is the data for iron.

CALCULATION PROCEDURE

The calculation procedure follows a sequence of steps.

A. Extract physical properties data from a table.

B. Calculate properties for the target in the shocked state.
1. Particle velocity for the target, |L,.

2. Shock velocity for the target, U,.
3. Density of the target, J,.
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Shock pressure in the target, P,.

5. Fraction of energy deposited in the target assuming that the target is thick
relative to the projectile.

6. Acoustic velocity of the rarefaction wave, G

C. Calculate the properties of the projectile in the shocked state.

Particle velocity, up.

Shock velocity, Up'

Density, 8p.

Shock pressure in the projectile, Pp, which should equal P;.

A

Fraction of energy deposited in the projectile assuming that the target is
thick relative to the projectile.
6. Acoustic velocity of the rarefaction wave, Cp.

D. Calculate the optimum shield thickness.

1. Ratio of the shield to projectile thickness.
2. Conversion of units to inches.
3. Determining weight of shield in pounds per square foot.
4. Verification time check.
OPERATING PROCEDURE

Calculations are performed for 1 gram projectiles with impact velocities of 3 to 24
kilometers per second, as given by the example spreadsheet in Figure A-1. The user
can select any desired projectile or target materials given in cells B7 through B49 by
entering the appropriate number in cells F56 and F57 respectively. The user can also
select any desired projectile impact velocity in cell F58. The rest of the spreadsheet is
protected from accidental entry. The spreadsheet calculations are performed by pressing
the "Calc" function key, <F9> on IBM PC’s and most compatibles. Some results of interest
are impact pressure (F85), fraction energy in target (F86), fraction energy in projectile
(F96), ratio of residual projectile internal energy to epergv required to melt the projectile

(F100), and ratio of projectile internal to required vaporization energy (F101). The
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spreadsheet can be printed by pressing the keys / P P A G in that order. A graph of
the results can be viewed by pressing the "Graph" key, <F10> on IBM PC’s and most

compatibles.

RESULTS

The example graph given in Figure A-2 illustrates the calculated peak shock pressure
in megabars (solid line through squares), the optimal shield areal density in Ibs/sq. ft.
(diamonds), and the fraction of projectile that melts (solid line through triangles), all as
a function of impact velocity. As shown by the graph, an aluminum projectile is completely
molten for the given areal density shield at an impact speed of approximately 7 km/sec.
The optimal areal density shield continually increases, which differs from Maiden (13)
and Cour-Palais (3, 33). It has been reported that as projectile velocity increases above
the velocity necessary to melt the projectile, the bumper thickness can be decreased
while still producing a molten projectile (3; 6, pp. 6-118; 12; 13). The slope of the
optimal areal density curve increases with velocity because it was calculated based on
shocking the entire projectile at the impact pressure. If the thickness of shield was
recalculated based on just producing a totally molten projectile, the slope would decrease
with increasing velocity because the available kinetic energy increases, but the projectile
would not be totally shocked since the rarefaction wave overtakes the compressive shock
wave moving into the projectile and weakens it.

ACCESS TO SPREADSHEET
The analytical model calculations and Hugoniot equation-of-state constants for the materials

in Figure A-1 are given in the spreadsheet on the diskette at the back of this report.
The spreadsheet name is IMPACT.WKS.
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SYMBOLS

<< @A
i

- CF m Yoo
|

Subscripts:

blank=
i =
0 =
t =

First term in the linear shock-velocity/particle-velocity Hugoniot, (in general

the term does not equal the -acoustic velocity of a material at zero pressure)

(km/sec)

Acoustic velocity, or velocity of rarefaction (km/sec)
Characteristic length or thickness of projectile or shield (cm)
Second term in shock-velocity/particle-velocity Hugoniot (dimensionless)

Velocity (km/sec)

Specific volume = 1/8 (cm3/gm) in Equations 3 and 3a

Volume (cm3) in Equations 17 and 18
Density (gm/cm3)

Pressure (kilobars)

Internal Energy (Joule/gm)

Particle velocity (km/sec)

Shock Velocity (km/sec)

Time (micro-sec)

shocked state
impact

rest state
target
projectile
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Figure A-1. Analytical Model Spreadsheet

MATERIAL PROPERTIES cal/deg C per aale
Density b [SUREI29] 8 HEL P part @e P selt P vapor en to ep en melteden to bp en vap  Tselt T vap H 1 ¢ heat wmel hzat voosnl At

] gleald kbar erg/ge  erg/ye  erg/qs  erg/ga K K cel/eale calipole gafaale

1 #lieina Coors RI203 ISYS102 3,880 2,200 397,008 7.80¢

2 Alukina A1203 Hot preszed 3,93 1213 28810683 3880 $.08E+10 5.15E+10 7.98E+10 7.9BE+10 2318 3273 22,030 9.009 -GI2500 2a00d

I Alustnue 1102 L L34 789,089 4,38 046410 5.49E410 4, 256+411 5. 16E410 933 2025 4,800 0.032 L B00ZD

4 flusirua 2024 Allay 2,08 1,490 Ba2,819 LIRL-Y

5 Aluminus 8081 Allay 7 HIRSE TUR R YT S T

& Alusinus 7075 Alloy . 1.3 754,202 LR

7 &lusines 920 T Alloy 5 L4200 T19.913 $.680 600 900

B Alucties (BaultiHeitoait) Y 1. 72,660 4,480 £00 500 U, 08E410 5. 44E¢10 4,23c¢11 S 16E+IL 933 2823 4,800 0.032 2550 BOU20 24,980

9 pncrthosite i 1120 474717 S.a

10 Basalt iGaclitiHeitowit) N LA 198 0eD 5,809

i1 faoztus [ Lade 5333 LG8 1.936409 2,07E+409 3. 44E+09 1.23E+410 394 1038 5,440 0,002 1460 23870 112,490
12 Larton Graprate 20 fibers 1. L4 6Bl 197 873 M3 2,673 G603 114500 feat
13 Cogpusite 2L-CP C-PHEN. 14 G 205,335 T.d00

13 Copper 8. 1.969 1386.257 493 1400 1800 5.63E+09 8,6BE+09 2,02E+10 6.082E+10 1336 2868 5.440 0,001 LSS LI Y2} LU SR EL

S Feldspar Anarthosite NY . 1,538 212,887 54132

16 G13ss Hign Density (Shott} f.atl 167.142 0 5.4

17 Blass Fyrex 1.350 48,742 3.200

{8 Blass Silizs 0,990 222,877 2.9&) 250 83,074
19 Gola 1,57 1796,850 5.788

20 H2Q Ice 1580 15020 3.2%6 5.24E409 B.58£+09 1,05€+10 3, 31E+10 273 313 82200 0.000 6 1436 9729 18010
21 HZ0 Hater 1600 22,000 5,400 5.24E409 B, 5BE+0F 1.05E+10 3,31E+10 273 313 B.Z20 0.000 0 1438 7729 15,010
22 Iron tBauitiMestonit) LS80 1135.08 0 0,320 2000 4376410 4,926+10 1, LAEHIT 2, 48E+11 1803 3008 413 0.01 3560 BRAOD 28,964
23 Lead 1,470 447.937  4.380 1, 476408 3.79E+08 1.90E+0F 1,03E+50 601 2023 ' 0.002 147 447 207,190
2% Kagnecius I 1.263 351,098 4.002 1. 1BE+10 1, 55E+10 2,28E+10 7,8BE+10 923 1380 6,200 G.001  -57BO0 ERT DI s B P
20 Magaesiud AL 31 B alloy 1. 1,254 341,958 4.0

26 Mullite Al6SIZ2C13 o 1,650 141,243 5,400 0,00£400 1,78E+08 1,78BE+08 1,78E408 {518 125,740
27 Plastic Aorylic i 1,83 75,671 3. 144

28 Plastic Eposy 1 L5 85,917 3,086

29 Flastic Falyazide iNylen) N 1180 175,202 3,720

36 Plastic Polycartonate 1 1,135 121,477 3.580

31 Plastic Pelyizide 1. 1470 36,880 4,960

32 Flastic FYC (Bsltron) I L4420 80,281 4788

3% Plastic Teflen 2 t.1gy 60,741 3,708

24 Flstinuz 21 1,47 2829.79%  4.Bt8 °

35 Silica Yuartz x cut 2 0,990 439,388 2,930 250 J.18E410 3.40E+10 5.93E+10 5.93E+10 {743 2303 10.870 0,009 3400 s0.674
3¢ Sthicon Carbide SiC Co550 995,800 2,800 S.09E410 5.09E410 2873 8870 G003 -2348 137
37 Stea] 11k 1.8 1,920 864,853 6,640 2000 . -
38 Steel 104 Stainless 7.6 : {490 1643.350 4.9t0

39 Stezl maragirglVasccaax23) | 8,129 LN 1,975 1276.092 5,804

46 Titznius . Gulat 1233808 208 1000 2.04E410 2,04E+10 3.61E+10 J.61E+10 2713 213 8910 0001 -423460

41 Tungsten Carbide AC 1,339 3835.80 4,358 3143 8273

42 Uraniua 975U 3 1,531 1213,867 5.1 [L63E#DY 1,64E+09 4,77E409 4,77E+0% 1405 4091 6,640

43 koed Dougles Far 1,350 1,083 10379 '

INPUT PARRMETERS

Projectila hateriz] 3 00D 3000 X000 3,000 3000 3,000 3,000 o000 3000 3,000 b
Target Material g $.000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 LU
Tapact Valecity ka/sec Ry ENOIAY 4,000 5,000 6,000 7,000 8,000 9,000 10,000 12,000 14,000 28, AN

frece ot FEPETENCE frane of refecence




Figure A-1 (Cont).

Analytical Model Spreadsheet

29-hec-9¢

\

back of shield back of shield
bach or projectile
projectile length ca 0.89 0§64 0,889 0.689  0.889  0.889  0.889  0.889 0,889  0.B89 0,889  0.889  0.889  0.889  0.889  0.22%  5.889 G299
shield thickness o 4,133 0.133 0035 OI3T 0133 033 0138 0133 043 0133 0133 0133 iF wld e S G
HATLRIAL FROPERTIES
Projectile Density ga/ic 2,714 2,714
Projectile Co kasse: 5.192 3.392
Projectile s 134 1,341 =
Projectile erergy to eelt erg/oa RS Q t
Projectile snergy to vaporize erg/ga G, 18E+1H ' i‘i
Target Density ga’c o8 2.78 R
Target Lo ba/sel Ly Y 8 ,5
larget 5 1,29 1.2 = ,f
Target energy to eelt erg/aelt e, 00k .
Target Enargy to vaporize erg/ga [UREU Y £
TAEBET CALCLLATEONS
C 280.77 80.77 7h.66 116,77 164,16 218,82 280,77 350,00 426,50 510,29  699.69 918.21 1163.85 1462.80 1748.47 20B3.43 347.53
b 50,54 -60.54 51,47 -58.70 -45.98  -73.26 -B0.54 -87,82 -95.09 -102.37 -116.93 -131.49 -136.05 -1eb.61 17516 -18R.72 -Xd
a 0.¢3 0.05 0.05 0,05 0.05 0.05 9,08 0.05 0.05 0.08 6.05 0,05 0,93 6,08 0.05 0.05 .08
ki target ke/sec scln 8t 1670.38 {670,368 106724 1218.02 (348.B1 1519.59 170,38 1821.16 197195 212273 2424,30 2725.87 3027.44 3329.00 3630.57 393214 42iLM
s target baisec solz 32 349 3.49 1.4 1.99 2.49 2.99 3.49 3.99 4,30 5.00 6,00 7.00 8.00 .08 10,01 1131 13,492
su target best ka/sec 349 . 3.49 1,49 1.99 2.49 2,99 3.49 3.99 4.50 5.00 6,00 7.00 8.00 9.91 10,01 {101 12,62
Us target ka’sec g.58 9.88 1.30 7.94 8,59 9.23 9.88 10,52 1117 11,82 1311 14,40 15,69 15,99 18,28 1958 .97
derzity in target ga/ce 4.1l 4,31 3.50 .12 3.92 4.12 4.3 4.49 4,66 4,82 513 5.42 3.t8 5.93 [ A .38 £.9%
frac coyjression targat 0.33 0.33 0,20 0,23 0.29 0.32 0.35 0.38 0.40 0.42 0.46 0,49 0.51 0.53 0,5 0,56 6,58
P target kilobars 940,61 211,28 9o, 6l W22 440.45  S95.76 769,15 960,61 170,15 1397.76 1443.46 2189,07 2005.99 3497,22 4289.75 094,53 LGULTI eR3LlE
frac energy in thick target .5 0.50 0.5 0,50 0.50 0.50 0,50 0.50 0,3% 0.50 9,50 0,50 0.50 0.50 0.90 (R 0.50 [
frac kinetic energy in thick targat [ 6,23 6.23 0.25 0.23 0,25 0.25 0.23 0,23 0.25 0,23 0,23 0.23 0,23 0,23 0.23 5,23
frac int energy in thick target 0,25 0,25 0.25 0,25 0.23 0,25 0,25 0.25 0,25 0,25 0.23 6,25 0,23 6,25 0.29 0,25 5,25
cp target .41 g.41 7.13 8.14 8.9 8.98 9.41 9.4 10,28 10,72 t1.61 12,31 13.41 14,32 1524 1616 17,08
FROJECTILE CALCULATIONS
oy projactile ka/sec 3.5t 3. L4 1,51 2.01 2,381 3.01 1.5t 4.01 £.50 3.00 6.00 7.00 8.00 8.99 2,99 10,99 11.98
Us projectile ki/sec 10,9 3.0 1,09 7.4 8.08 8.73 9.42 10,09 10,76  11.43 12,10 13.44 1478 la ! 17.45 18,79 20,13 IlL.4¢
density in projactile ga/cc 418 4,16 $.41 3.61 3.80 3.99 4,18 4.32 4.48 4,83 4.9 .16 5,39 9,49 500 5.98 .15
frac coapression projectile 0.25 0,33 0.20 0,29 0,29 9,32 0.33 0.37 0,39 0.4 0.43 0.47 0.50 0.32 0.53 0,85 3,58
F projectile kilchars 850,61 960,61 303,22 440,45 599.76  765.15  960.61 1170.15 [397.76 1443.46 2189.07 2B0s.99 3497.22 “4255.75  9084.59 E0G1.73 £531L 1B
trac energy in prajectile 0,50 0.50 0,50 6,30 0,30 0.50 0.50 0,50 0.50 0.50 0.50 0.50 0.5%0 0,50 0.50 4.5 URY
frac 1nt energy projectile ° 0,25 0.75 0,23 ] 0,23 0,25 0,28 0,25 0.25 0.25 0,25 0,25 0.23 9,25 0.29 {
frac Linetic arergy projectile 0.25 0.23 0,25 0.25 0,25 0,23 0,25 0,23 0:25 0.23 0,25 0,29 0,28 [
spec int energy projectilz erg/ga & OEHLD 6. 108410 1116410 1,9BE+10 3, 116410 4,48E410 &, 10E+10 7,98E+10 1,01E+11 1,25€+11 1,806+11 2.45E¢11 J.20E¢11 4.08E¢11 3,01%+:1
projectils ensrgy to energy ta selt 1, 12e+00 2,056-00 3.696-01 S.71E-01 8.74E-01 1.126400 1.47€+00 1,BAE+00 2,30E+00 3,31E+00 4.51E+00 §,89E+00 7. 4LE400 9.218400 1
FrOJED ENErQy tO energy to vaporile 11EE-0t 2.15E-02 3.B5E-02 6,026-02 B.&8E-07 1,186-01 1.55€-01 1,94E-01 2.42E-01 J.49E-01 4,75E-01 &,21E-01 7.88E-01 §.712-00 1
spec Fin energy ot gra; erg/gs £ ESE+1D 1, 14E+10 2,026410 3,14E+10 4,526+410 6, 156410 8,026+10 1,01E+11 1, 25E411 1, BOE+TL 2.45E+11 T.206411 4,048
ave vel of prol after lapact ba/sec Sut 1.3 .01 .Y Lol 3,61 4,01 490 300 6,00 7.00 8,69 3597 5,007
tp projectile 9.65 -6.17 /B8 8.3 8.75 9.20 9.66 10,12 10,59 11,05 147 12,94 1L 14Eb 1%.ED
OFTINUN SHIELD CALCULATIONS
thicknezs opt shielg/thiciness projactile 0.19 0.44 015 0.16 0.17 0.1% 0.29 0.20 0,21 0.23 0.24 6,26
thickness opt si:eld cn tolé 0,12 0. 14 0.13 0,16 U 16 0.17 ¢.18 0,19 0,23 0.22 0,23
thick opt shald fo,0u0ths 1nch 549,34 469,75 533,01 573.99 812,74 649,36 £B3.96 716,65  T47.55  BO4.42  BSS.A3 ful M
waight opt shiele 16/ 1600 172 TS 09032 771,98 831,33 BE7.46  940.50 990,40 1037.99 1082.70 1165.07 1238.95 1Xu47
thick casdidate shield/thick opt shield 3l 1,67 0.99 0,92 0,836 0.81 0.7 0.73 070 0.63 0.61 (.58
time tor Me to pess through projzctiie 1.206-06 1. 10E-06 1,02E-0a 9.44E-07 B.BIE-07 B,26E-07 7,78E-07 7.35E-07 6. 62E-07 &.026-07 8. 52t-07
tias for Us to pass through shizld 1 7LE-07 1L71E-07 1. 70E-07 1.49E-07 $,67E-07 1.65E-07 1,436-07 1,61E-07 1. 56E-07 1.51E-07 1,44E-07
tice for rare (o) pass throogh sareld 1, 28607 1.25E-07 1,20E-07 117637 1,13E~07 1.106-07 1,06E-07 1,026-07 §,53E-08 8.74E-08 8,37£-08
Lige tor rarsicg) te pass throegh projectile 2,01E-07 8.056-07 7.256-07 6,56E-07 £.016-07 5.526-07 5,95E-07 4.72E-07 4. 10E-07 3.82E-07 5, 278-077 1.5
tize chech on steely thrckness VKR 2,6E-2% 28E-23 6.6E-23 0.0F400 4,0E-23 -1.3E-23 2.6E-23 -7.9E-23 2.6E-13 §.E-Z
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Figure A-1 (Cont). Analytical Model Spreadsheet

Buaper Effects following lapact 29-Lec-85

extent of eelting x 100 1300, 00 204,96 365.11 571,37 823.81 1000,00 1000.00 1000.00 1000.00 1000.00 1000.00 1000,00 003,00 [000,00 1009.90 oid.uh
1.26 1.33 1.41 1.48 1,33 1,44 1.67 .73 1.84 1.95 2,04 2,13 ay3! o 2,3

target rho/rho @
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Table A-1. Results of Analytical Model

Material Selection Based on Fraction of Projectile that Melts and Optimal Bumper

Areal Density
(Calculations based on one-dimensional impact approximation with a 1 gm, Al 1100,
projectile at 7 km/sec)
Impact Opt. Areal  State of
Dens Pressure DensBy Al Proj.
Rank Material cc) (Mb 1b/ft Impact P

LIGHTER THAN BASELINE (IMPACT PRESSURES HIGH ENOUGH TO MELT PROJ.):

1  Composite C-Phen 1.35 0.72 0.606 Partially Molten
2  Magnesium 1.74 0.71 0.612 Partially Molten
3 MgAZ31Balloy 1.78 0.72 0.621 Partially Molten
4  Glass Silica 2.20 0.69 0.630 Partially Molten
5 Glass Pyrex 223 0.74 0.670 Partially Molten
6  Silica Quartz 2.65 0.81 0.766 Partially Molten
7 Mullite 2.67 0.86 0.812 Molten
8 Anorthosite 273 0.86 0.819 Molten
9  Feldspar 2.73 0.87 0.829 Moiten
10 Basalt (Ref.10) 2.86 0.89 0.864 Molten
BASELINE:
11 Aluminum 6061 270 0.95 0.929 Molten
HEAVER THAN BASELINE:
12 Aluminum 1100  2.71 0.96 0.934 Molten
13 Aluminum 2024  2.78 0.96 0.940 Molten
14 Aluminum (Ref.10) 2.75 0.97 0.944 Molten
15  Aluminum 7075 2.80 0.97 0.950 Molten
16  Aluminum 921T  2.83 0.98 0.961 Molten
17  Silicon Carbide 3.12 1.09 1.137 Molten
18 Titanium 453 1.10 1.195 Molten
19 Glass High Dens. 5.09 1.10 1.229 Molten
20  Alumina Coors 366 1.15 1.247 Molten
21  Alumina Hot press 3.94 1.27 1.468 Molten
22 Cadmium 8.64 140 1.871 Molten
23 Iron (Ref.10) 7.86 1.44 1.930 Molten
24 Steel 1018 7.85 1.46 1.985 Molten
25 Lead 11.35 147 2.088 Molten
26  Steel-Vasco250 8.13 147 2.007 Molten
27  Steel S/S 304 790 1.48 2.026 Molten
28  Copper 8.93 1.50 2.102 Molten
29  Uranium 3%Mo 18.45 1.75 3.094 Partially Vaporized
30 Tungsten Carbide 15.02 1.81 3.289 Partially Vaporized
31  Gold 19.24 1.82 3.386 Fartially Vaporized
32 Platinum 2144 190 3.832 Partially Vaporized
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Table A-1 (Cont). Results of Analytical Model

(from (from
impact P Thermal
consid- Energy

eration) Bal.)
Impact Opt. Areal
Dens Pressure Dens'&y State of State of
No Material (g/cc) (Mb) (Ib/ft™) Al Proj. Al Proj.

MATERIALS LIGHTER THAN BASELINE

(with impact pressures lower than 650 kbar indicating shock pressure too low to melt
Al projectile by shock compression and release, but from thermal energy balance having
enough energy to melt projectile):

1 Wood Douglas Fir 0.54 0.25 0.194 Solid Molten
2 H20Ice 091 042 0.328 Solid Molten
3 H20 Water 1.00 0.46 0.362 Solid Molten
4  Polycarbonate 1.19 0.50 0.405 Solid Molten
5 Polyamide (Nylon) 1.15 0.52 0.413 Solid Molten
6 Acrylic 1.19 0.54 0.432 Solid Molten
7 Epoxy 1.20 0.54 0.437 Solid Molten
8 Polyimide 1.41 0.56 0.465 Solid Molten
9 PVC (Boltron) 1.38 0.57 0.470 Solid Molten
10 Graphite 3D fiber 1.52 0.55 0.473 Solid Molten
11 Teflon 2.15 0.64 0.597 Solid Molten

137



Appendix B

Description of Empirical Model Calculations
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INTRODUCTION

NASA is currently planning for tests of several possible materials for meteoroid/debris
bumpers to protect spacecraft or space stations from impact by high speed particles
(1). Materials currently being considered for these tests include two aluminum alloys,
other metallics, Kevlar, graphite/epoxy, other fiber-reinforced composites, alumina, and
other ceramic composites. The reference material, to which other materials are to be

compared, is aluminum alloy 6061-T®6.

This appendix compares properties of possible bumper materials, suggesting possible
additional materials to be considered for testing, and considers what criteria ought to
be considered for new candidate materials.

MATERIAL SELECTION CRITERIA
The criteria discussed here have been derived from References 2-6, 31-41.

The efficiencies of various shielding materials will be compared for a constant weight
launched to orbit. Thus, comparisons between materials will be based on constant weight
of shielding per unit area. The thickness of the shielding will be varied to accomplish
this for materials of different density.

Although the primary purpose of the bumper is to fragment a projectile through shock
processes, it does possess some penetration resistance of its own. Thus, impacts below
a certain threshold will not penetrate it. The model calculates a factor, R, that expresses
the ability of a fixed areal-density bumper to resist penetration in terms of the bumper’s
speed of sound (C), hardness (BH), and density (8t):

R =07 gg-25 St.S

This equation is based on empirical penetration equations into semi-infinite targets (43,
44).
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Combining all the projectile parameters into the proportionality constant results in the

penetration equation:
P=K C-07 BH~25 at-.S

Note that the sonic velocity can be determined from:
C = [E * (2.54% * 32.2* 12/100%) / 1> * 0.001

For a fixed bumper mass per unit area, the areal density for a penetrated bumper becomes:

m; =P 3

or,
m, =K’ c-67 gy--25 St.S

The resistance parameter is proportional to the inverse of penetration distance.
R=K"*1/P=K" §/m,

The model assumes that resistance to penetration into thick targets is a useful gauge
to differentiate the ability of various thin target materials to resist small particles
near the ballistic limit or breakup larger projectiles.

The state of the debris cloud of bumper and projectile fragments projected behind the
bumper after impact is the primary factor influencing the performance of dual-wall
protection. R. H. Johnston (4) noted that an important means for defeating hypervelocity
threats will be to vaporize the particle and a portion of the target. Swift and Hopkins
(5) determined that bumpers of a constant areal density (the case we are considering)
which exceeded about 2 g/cc provided approximately the same protection. This conclusion
was referred to and amplified by J. S. Wilbeck, et. al. (6, ch. 6). Impacts on bumper
materials with densities below 2 g/cc do not produce sufficiently intense shock waves to
melt the impacting projectiles used in the Reference 5 and 21 studies (3.18 mm diameter

aluminum spheres at 6.2-7.4 km/sec). This allows increasingly larger solid fragments of

140



the impacting body to strike the second wall as bumper material density goes down.
For all bumper materials above this density, maximum deviations from a constant penetration
depth of the second wall due to collision debris were 25 percent. The primary criterion
affecting the backwall penetration was the physical state of the debris from the front
wall. The thermodynamic properties of the bumper material determine to a great extent
the phase of the particles in the debris plume projected behind the bumper. Bumper
materials that melted in the collision required less second-wall thickness than materials
that only fragmented. Bumper materials that vaporized required less second-wall thickness
than materials that melted.

Therefore, to maximize the probability that the bumper material melts or vaporizes
from the impact, the shield material should have a low melting temperature (3, 33), Tm,

and latent heat of fusion, H as well as low vaporization temperature, Tv, and latent

m’
heat of vaporization, Hv (5).

Because aluminum is the current baseline candidate for Space Station module shielding,
ratios of the thermodynamic properties of candidate bumper materials and aluminum
were determined and a figure-of-merit, FOM, that combines thermodynamic and mechanical

properties was developed:
FOM = {Tm (al)/Tm * [Hm (al)/Hm]"> * [Tv (al)/Tv]-! *
[Hv (al)/Hv]'! +0.25 * R) &(al)/®

The purpose of the figure-of-merit was to suggest possible candidate bumper materials,
but it should be regarded as arbitrary until actual impact tests have been done to eval-
uate its predictive ability. Melting is more likely to occur at typical orbital debris
velocities, thus the melting temperature and heat of fusion parameters were thought to
be more important and weighted more than the vaporization and latent heat parameters.
Because mechanical properties are overshadowed by density effects in hypervelocity
impact penetration of thin plates, the mechanical property term, R, was reduced by a
0.25 factor to indicate the penetration resistance of the shield to projectiles below the
ballistic limit. A number of materials were evaluated using this expression to determine

their effectiveness as bumpers as will be described later in thic appendix.
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This bumper FOM includes thermodynamic and mechanical properties, but it does not
include all properties and factors which could be important in evaluating the best materials
for protection such as: fracture toughness, maintainability or repairability, debris cloud
dispersion angle, and cost. The qualitative effects of these factors are discussed below.

Other shield material properties may also affect the physical state, direction, speed,
and spatial density of the material projected behind the bumper, and therefore the damage
potential of debris clouds. Several investigations of bumper materials for recent inter-
planetary missions such as the European comet Halley probe (32, 35-37) have indicated
that low-density, fiber-reinforced plastics or other composites possess certain highly
desirable impact characteristics. It was reported that the bumper materials in the projected
debris clouds behind kevlar/epoxy plates were much smaller than predicted for aluminum
(25, p.79; 36). The individual fragments in the debris cloud consisted of finely divided
epoxy powder and short lengths of fine Kevlar fibers. Both materials have less impact
damage potential for underlying structures than solid aluminum fragments because; first,
the aluminum fragments concentrate more energy and momentum in a smaller area of
the back plate; and second, because the density, and thus penetrating ability, of aluminum
(2.72 g/cc) is greater than Kevlar fibers (1.44 g/cc) or epoxy fines (1.39 g/cc). Other
fiber-reinforced composites seem to have similar breakup characteristics. A recent study
provided experimental evidence that the fragment size of particles in debris clouds from
graphite/epoxy plates were smaller than from aluminum plates at similar impact energies
(with aluminum and nylon projectile velocities typically 5.5-6.5 km/sec) (42). Thus,
another material property, perhaps associated with fracture energy or fracture toughness,

seems to be important in determining the condition of the debris striking the second plate.

The Kevlar/epoxy material evaluation for Giotto also indicated that Kevlar has a somewhat
"self-healing” mechanism (25, p. 53; 36) in that it "fluffs" after impact, leading to partial
closure of perforations in the shield. The investigators noted that the total bumper
area disrupted by the impact was greater than for aluminum bumpers, but that the majority
of this disruption involved debonding between the Kevlar and epoxy substrate. The
fibers adjacent to the impact site tend to expand laterally into the hole and effectively
decrease hole diameter by twice the plate thickness. This reduction in size of the open
holes produced in bumpers having fiber reinforcement would result in reductions of the

number and size of undisturbed orbital debris and meteoroids which may be expected to
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impact the underlying surfaces. Or, it implies that shield maintenance and repairs would

be reduced over the ten to thirty year lifetime of the Space Station.

The angle of dispersion of the debris cloud projected behind the bumper depends primarily
on the bumper thickness (12, p.118). For a given size impacting particle, the dispersion
angle decreases as the bumper thickness becomes thinner. Similarly, the dispersion
angle also decreases, for a very thick bumper with the limit being a zero dispersion
angle for a bumper at the ballistic limit. Maximum dispersion angles are attained for
intermediate thickness bumpers. At constant areal density, bumper thickness depends on
the density of the bumper material. Thus, different materials are expected to exhibit
different debris cloud dispersion characteristics. Information is lacking on the dispersion
angle to be expected for the test materials being considered; therefore, dispersion angle
will be determined experimentally. The dispersion angle is important because it defines
the momentum loading on the backwall and the necessary spacing between the bumper
and backwall to avoid failure. Narrower dispersion angles require larger standoff distances,
increased number and size of bumper structural supports, and reduced internal volumes
for modules sized to fixed payload envelopes. Or, if the standoff distance is held constant,

smaller dispersion angles will increase the thickness and weight of the back plate.

The cost differences between the various metallic and composite bumper candidates has
not been included in the FOM but probably will be important in the Space Station design-

to-cost program.

MATERIAL COMPARISONS

Table B-1 is a compilation of the physical properties needed for the FOM for several
materials. Not all of these are on the list of bumper materials to be tested (1). Values
for heat of fusion and vaporization, and melting and vaporization temperatures, are
taken from the Engineering Manual (7). Following the values for the four thermodynamic
parameters in Table B-1 are ratios of the values for the reference material, aluminum,

to the values for the other materials.

The calculated FOM is indicated in the extreme right column of Table B-1, and is in

general agreement with the relative efficiencies of bumper materials determined exper-
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imentally by Swift (31) as given in Figure B-1. Larger numbers for this figure of merit
indicate materials more efficient than aluminum. The use of this figure should be reg-
arded as somewhat preliminary until actual impact tests have been done to evaluate its
predictive ability. It can, within its limitations, be used as a means for suggesting

possible meteor bumper materials to test in addition to those already scheduled.

Of the materials listed in Table B-1, the highest value in the figure of merit column is
magnesium and magnesium alloys, because of their low density and low heats of fusion
and vaporization per unit mass, and their low melting and vaporization temperatures.
Therefore, consideration could be given for adding these materials to the test schedule.
Magnesium alloys have not been used in spacecraft interior applications due to corrosion
problems within the cabin environment (65). They could be used in exterior applications
as long as a coating is applied to protect from salt-water corrosion during pre-launch
storage at the Cape. The thermal protection coating could perhaps satisfy this requirement.
A light-weight but stiff support material such as graphite/epoxy should be used to minimize
the weight and number of bumper structural support rings needed in an actual Space

Station module design.

LIMITATIONS OF THE FIGURE OF MERIT OR EMPIRICAL MODEL

The empirical model is limited in several important ways. The criteria in the FOM are
somewhat arbitrary and must be confirmed or revised after more experimental data has
been gathered. Several possibly important factors to the evaluation have not been included
in the FOM as discussed previously, such as fracture toughness, maintainability or repair-
ability, debris cloud dispersion angle, and cost. The present FOM is limited primarily to
evaluating metallic materials. Composites are non-isotropic and it is not possible to
specify a single value for many of their material properties because they vary throughout
the structure. Therefore, an analytical model was developed from first principles to

analyze the potential effectiveness of both metallic and composite bumper materials.

As mentioned above, the FOM uses arbitrary factors to the thermodynamic parameters.
It is not clear how the four parameters should be included in the overall figure of
merit to give the best prediction for bumper performonce.  For example, it may turn

out that some parameters are much more significant than others and should be weighted
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more highly in calculating a figure of merit. For instance, the heat of fusion may
turn out to be much more (or much less) closely related to overall impact damage than

the melting temperature.

It may also turn out that the weighting of these parameters varies with impact speed.
The study done by Swift and Hopkins (5, 31) was done with a quite limited range of
impact speeds (6.2-7.4 km/sec). Because the average orbital debris speed is above 9
km/sec, lower density bumpers will generate strong enough shock pressures to melt an
aluminum projectile and will generate shield debris of far less penetrating potential.
The material evaluation should be based on assessing the required total dual-wall areal
density to meet the overall module reliability requirement (ie. 0.9955 probability of no
impact over ten years) for the integrated orbital debris velocity distribution.

As also mentioned above, the FOM was only applied to simple materials: = pure metals
or alloys. To apply the evaluation criteria to complex materials such as composites is
not clear. Are the appropriate parameter values to use those for the fibers, those for
the matrix, a simple average, or some weighted average? Furthermore, the choice may
depend on what parameter is being considered. The appropriate value for the heat of
vaporization, for example, may be the value for the matrix; once the matrix is vaporized,
since the fibers may simply fly apart. But at the same time, the value for the density
below which the bumper efficiency no longer approximates a constant may be determine
by the value for the fiber. The answers to these questions will require testing.

ACCESS TO SPREADSHEET

The figure-of-merit calculations and physical properties for the materials in Table B-1
are given in the spreadsheet on the diskette at the back of this report. The spreadsheet
name is FIGOFMER.WKS.
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SYMBOLS

@
I

Acoustic velocity, or velocity of rarefaction (km/sec)

o3
|

Elastic modulus in tension (psi)
Brinell hardness
= Diameter (cm)

= Velocity (km/sec)
3
)

o)
en
i

= Density (gm/cm
Areal density of bumper penetrated by projectile (g/cmz)

= Penetration depth (cm)

W Yo o < A
|

= Resistance parameter indicating the ability of equal areal density bumpers

to resist penetration

Heat of fusion per unit mass (Btu/lb)

= Heat of vaporization per unit mass (Btu/lb)

= Melting temperature (°C)

Vaporization temperature (*C)

K'Y o= Proportionality constants

= Physical property of aluminum baseline (Al 6061-T6)

= A T T
E <8 <5
I

Subscripts:

i = impact

t = target

p = projectile
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Figure B-1.

Data Plot for Constant Bumper Areal Density Study Showing States of
Bumper and Pellet Materials in the Debris Clouds - Aluminum Sphere
Projectiles at Vel. = 6.2-7.4 km/sec (31)
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Appendix C

Description of Peak Shock Pressure Calculations
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The impact pressures given in Table 4-1 were determined using a spreadsheet that determines

the shock pressure in the bumper as a function of particle velocity from
P; = 3y, C0t2“t/(1 'St"t)2 (1
where the shock compressibility factor, n, is
ny =Wy / Uy = By / (Cop + 5 M) @
The shock pressure in the projectile as a function of particle velocity is

- 2 2

where the projectile shock compressibility factor, n,, is a function of impact velocity,
ViZ

n, = (v - l.Lp) / [C(}p + s, (v - Hp)] “4)

This approach is based on the same one-dimensional approximation, Rankine-Hugoniot
relationships, conservation equations, and linear equation-of-state simplifications described

in Appendix A. The derivation of the equations is given by McQueen, et. al. (12, p.296).

Based on the assumption that the impact pressure is the same in dumper and projectile,
the above equations are solved simultaneously in the spreadsheet and can be represented
graphically by the intersection of the two curves resulting from equations I and 3 as

shown in Figure C-1.
ACCESS TO SPREADSHEET
The peak shock pressure calculations and equation-of-state constants for many metallic,

crystalline, polymeric, and composite materials are given in the spreadsheet on the diskette
at the back of this report. The spreadsheet name is HUGONIOT.WKS.
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SYMBOLS

c = First term in the linear shock-velocity/particle-velocity Hugoniot, (in general

the term does not equal the acoustic velocity of a material at zero pressure)

(km/sec)

S = Second term in shock-velocity/particle-velocity Hugoniot (dimensionless)

v = Velocity (km/sec)

0 = Density (gm/cm3)

n = Shock compressibility factor (dimensionless) equal to the ratio of particle to
shock velocities

P = Pressure (kilobars)

p = Particle velocity (km/sec)

U = Shock Velocity (km/sec)

Subscripts:

blank= shocked state

i = impact

0 = rest state

t = target

p = projectile
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Appendix D

Listing of Shot Data
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Table D-1 lists data for all shots of interest in this study. Information is separated on
three pages for each shot with the first page listing projectile and bumper data, the
second page giving data about the front and back of the second wall (Al 2024-T3), and
the third page ejecta catcher and witness plate data.

Table D-2 gives particle size data for the ejecta particles from a metal matrix bumper
(shot #A152).

Table D-3 lists the velocity of ejecta and debris plumes expanding from the bumper
plate’s front and back, respectively, for 6 different shots: Al 6061-T6 (#A150), metal
matrix (#A157), Aluminum bonded to graphite/epoxy (#A158), alumina bonded to aluminum
(#A159), aluminum mesh (#A161), and Kevlar (#A163). The data was calculated from
high speed camera films of each shot.

154



99

9/15/37

J80
Shot

Al49

RIG0

ALSL

#1538

A159

Al6D

Table D-1. Listing of Shot Data (chronological order)

Buaper
Areal
tensity
Tate Busper Rat'l (g/ca*2)
10-Kar-87 Al 8061-T6 0.22
t = 0,032°
11-Har-87 Al 6061-Té 0.22
= 0.032"
11-Kar-87 Al 6061-Té 0.22
t = 0,032°
12-Kar~87 Metal Matrix 0,22
&1 6081-T8/35v: SiC
t = 0,0315"
18-Kar-87 Hetal Watrix 0.22
Rl 6061-T8/33v% §i€
t = 0,035
19-Har-87 Bail A1 3003-0 0.27
bonged to
graphite/epory
t = 6.0628"
20-%ar-87 1oail Alusina 0.21
honded to
Bsii Al 3003-0
t = 6.0302"
20-Har-87 HKetal Matrix 0.22

Al 6051-TH735v1 5i€
t = 0,0315"

Al 2024-T3
Busper  Backwall
Density Thickness
{(g/7cc) (in}

2,713 0,0627
2,13 0.0423
2.7113 0.0493
2,80 0,0623
2,80 0.0500
1.68 0.0498
.17 0.0478
2.80 0,0492
0.66 0.049%

a1 1100
Proj.
Mass
{ag}

45,25

453,20

43,25

43.25

45.17

43.24

43,33

43,19

45.29

Proj.
Dia.
(s}

3.2

3.2

3.2

3.2

3.2,

Proj.
Vel,
tkn/s)

6.4

6.71

8,36

6,50

Nunber
of

1

o

Cordin
Canera
Fila

Ispacts Y or N?

Coaments on File
(Clean ispact unless stated)

fapact by Sabot quarter.

Rylon sabot, 3.75 s long, 2 aa d.
1/4 mass = 11.5 ag. The projectile
was fragaented in impact with edge
ot sabot catcher, and impacted
battos corner of buaper.

Ispact by Sabot quarter & proj.
Third ispact by unknown debris.
Froj./3abot impacts were separated,
third followed directly bekind proj.
Nylon sahot, 3.86 as long, 2 am d.
1/4 nass = 11,7 sy,

Ispact by proj. & unknown debris.
Debris tollowed directly behind
projectile. Debris probably was
half of a sahot quarter.

Nylon sabot, 3.84 e long, 2 &n d.
1/8 aass = 5.8 ag.

Ispact by proj. % unknown debris.
Debris followed directly behind
projectile. Long fiber-like shape.

Inpact by proj. & all sabot pieces.
Rylen sabot, 3.8 s 1., 4.3 #n 4.
Hass = 47.17 ag.

o separation between ispacts,

apact by proj. % unknown debris.
Debris followed directly behind

BUKPER

Frat
Crater
Dia.
{an)

8.1

8.2

1.6

1.3

5.9

.4

HN.

Hole
Dia,
(an}

6.8

7.0

8.3

6.1

4.8

1.1

b8

10.2

3.6

Back
Crater
Dia.
[{TY]

1.9

8.3

7.8

L.b

Mass
Before
Ispact

(g

30,66

0.8

50.60

22,70

22,61

Nass
After
Ispact
(g} Coenents on Bumper

Black soot on back of bumper.

50,45 Back of buaper covered with
swall Al droplets that appear
to have been vapor or liquid.

50,63 Back of busper covered with
saall Al droplets that appear
to have been vapor or liquid,

22,47 More brittle than all A1 buaper.
Almost no crater lip.
Back of buaper coverzd with
saall Al droplets that appear
to have been vapor or liguid.

22,36

5.8 Froa Sabot Impact.

21,6

62,23

21.719

22.64

94,65

61,40 Al layer (on front) ripped away fros
iapact as indicated by front crater
diaseter. Some of this damage was
caused by second iapact.

27,63 Al layer {on back) ripped away froa
iapact as indicated by back crater
dianeter.

22,47 Large irreguiar hale in busper due
to iapact by projectile and all
sabot pleces.

54.36
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153/87

JsC
Shot

AlsS

ALS0

ALEY

A132

x»
wn
-

ALA3

A9

A160

Aol

Table D-1 (Cont).

AL 2024-13 SECOND ®ALL
FRONT Hax,
Bass Hass Dia. of

Conc, Deb-
ris 5pall

Before  After Dia. of  frea for Standoff Dispersion

Ispact  Ispact Conc. Debris Nearly all

I tg)  Hits tin)  Hits (im
101,77

102,80 101,71 1.4 3.88
0.2 75.%3 1.5 3.8
102,66 102,35 1.6 3.8
8143 81,20 1.7 3.9
B2,70  82.62 1.5 3.5
8176 Bi.49 1.6 3.1
8.1 793 1.7 4,0
81.37  H1,75 1.0 3.8

~3

~

%)

Hal$-angle

21

[
~

21

22

Listing of Shot Data (chronological order)

AL 2024-T3 SECOND WALL
BACK
Detached
Spall
Dia.
fin)

0.30

0,35

0.4

[

L)

D > -
—u

2% gy
or e
- N3
a3

Length

Cracks
(an} Camsents on Second Plate

{11 Obvious through crack, See
light through in 2 places along
crack,

8.5 All through cracks.
7
b

3.8 Does not appear to be through
crack, Smaller craters in periphery
on front side of 2nd wall than
with Al 6061-Té bumper.

7.6 #11 through cracks.
6.4
3.8

Low blast loading. Frojectile
or second iapact debris not
coapletely disrupted.

Large hole in backwall due to impact
froan coabination of proj. & sabot.

Saan holes overlap. Holes are
sostly alianed in cross pattern.
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9/15/47

JSC
Shot

Ai49

x>
wn
ad

AlbD

Aibl

g-MIL AL 3003-0 BUNFER EJECTA CATCHER

Standof ¢

Dist.
{in)

2

F

>

Table D-1 (Cont).

Dia., where
Ejecta hits
Start
fin}

43

¢

[
wn

Dia. where
Ejecta hits

generally End Halt-Angle Half-Angle Thickness Dist.

{in}

5.9

5.2

4.9

wn

wn
on

Listing of Shot Data (chronological order)

Hin, Hak,
Ejecta Ejecta,

Cone Cone
(deg} {deg)

8 Mi]

25 33

27 M

24 i

¢ 32

24 35

25 33

0 0

AL 3003-0 SECOND WALL SPALL CATCHER WITNESS PLATE

(mil)

Hass

Standoff Betore

fin}

Ispact
(g

12,75

12,98

Hass
After
fapact

1}

12.74

12.56

12,68

12,77

Rusber
Holes

Max.
Hole
Dia,
{ar)

3.8

Avg.
Hole
Dia.
(an)

3.4

3.0

Rpprox,
Hax. Avg.
Crater Crater
Husber Dia. Dia.
Craters  (am) (e}
2 3.3 2
11 0.3 0.3
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9/15/87 Table D-1 (Cont).

Bppsr
Areal
a5C Density
Shot Date Buaper Mal'l {g/cw"2)
t = 0.1204°
X 24-8ar-87 Kevlar Cloth 0,22
B sheets
t = .1384°
.
W
o
R217  10-Jun-87 Shuttle Tile 0,22
t = 0,44"

7220  1i-Jun-87 Retal Matriz 0,22
Al 6061-16/35v% Sil
t = 0,0313"

#221 12-Jun-B7 151l Rlusina 6.21
bonded to
Beil Al 3003-9
t = 0,0302"

§222  12-Jun-87 SiC {Silicon H.23
3

t o= 0.3486°

A223  16-Jun-87 Corrugated Al

<>
~
~

Al 2024-73 Al 1100

Uensity Thickness
Iapacts Y or N?

[
~a

[
¥

[

Listing of Shot Data (chronological order)

Cosaents on Fils
(Clean impact unless stated)

projectile. Debris probably was
halt of a sabot quarter.

Nylon sabot, 3.54 am long, 2 ma d.
1/6 mass = 5.8 ag.

Iapact by proj. and very small
amount of *wispy* debris hitting
helow projectile. Secondary
debris negligibly added to total
dasage.

Busper is approximately 0.44 inches
thick.

A piece of debris trails directly
behind ball {3 us after). Slightly
larger than size of ball.

BUKPER

Frat Back Nass
Crater Hole  Crater Betore
Bia. Dia. Dia. Impact
(an) (an) (an) fg)

b.4 2.8 12,7 47.68

3.6 3. .9 6.1

7.4 bt 7.4 22,48

7.4 8.9 18.3  27.63

6.4 G563 15.2 38,32

8.2 7.0 8.2 4L

Hass
ffter
lapact

(g} Coasents on Bumper

47,74

45.22 Ispacted tile on black borosilicate
side first. GSmall opening of hole
on front side expanded to large
opening on back.

22.41 Back of bumper covered with fine
aluainus that appear to have been
foraerly tiguid droplets or vapor,

27.39 Ceramic side was facing direction
of ispact (as in A1S9}, Aluminum
layer at back of bueper peeled away
from impact point as reflected in
targe back crater diaseter.

38.13 Silvery alusinua splash sarks on
back side of bumper,

41.61 A 12° long sheet of 16 mil Al J0D3-0
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Table D-1 (Cont). Listing of Shot Data (chronological order)

9/15/87
AL 2024-T3 SECOND RALL AL 2024~T3 SECOND WALL
FRONT Max. Conc. Deb-  BACK
Hass Nass Dia. of ris 5pall Detached Raised Dia./Len, Width Length
Before  After Dia. of  frea for Standoff Dispersion  Spall Area  HNuaber of of Number of
950 lapsct  Iepact Conc, Debris Wearly all  Dist. Halt-angle  Dia, Dia. of Holes  Holes of Cracks
shot ig) fg! Hits (in) Hits tin)  in) {deg! fin} {in) Holes [L11] (mn) Cracks (a8} Conments on Second Plate
2.8
1.8
3.8 2,0
3.0
1.3 1.3
2.0 1.3
1.5
1.4
0.9
0.8
A163 80.95  B0.74 1.3 1.5 2 21 0 1.3 9 5.1 0 Some holes overlap, Holes and
2.8 nost craters aligned in X patters.
2.3 Shield material seeas to have
4.4 3.3 only made very slight cuts in
.4 front surface of secand wall.
2.0
2.3 2.0
1.8
3.3 .3
A219 67,91 &1.72 1.2 3 2 17 0 0.8 2 10.3 Several holes overlap to create
1. larger hole. Aluminum “splash®
around central hole indicates some
of projectile was aolten/vapor.
A220 .16 TA.92 1.7 3.6 2 23 0.47 1.3 1 5.1 2.3 3 11.4
10.2
25
22 74,45 7432 1.4 3.3 2 19 0.44 1.3 i 4.1 1.5 1 1.8
. *
A222 15,7 78,590 0.% 3.2 2 13 0 0.8 9 8.4 L3 0 Several holes overlap. Very bright
1.5 aluminua spray surrounding holes
2.8 indicates projectile partially
1.8 selted/vaporized,
0.8
1.5
2.3 1.8
2.5 1.8
3.3
H223 78,72 744k 1.0 2.5 2 14 9 - { 16,5 4.6 0 Hole in backwall directly behind



091

Table D-1 (Cont). Listing of Shot Data (chronological order)

9/13/81
a-RIL AL 3003-G BUMPER EJECTA CATCHER AL 3003-0 SECOMD WALL SPALL CATCHER WITHESS PLAIE
fin. Max, Appr oz,
Bia, shere  Dia, where  Ejecta Ejecta Hass Hass Hax. vy, Hax, fvg.
Standoff Ejects hits  Ejecta hits Cone Cone Standoff Before  After Hole Hole Crater Crater
Js€ Bist. Start jenerally End Hali-Angle Half-Aagle Thickness Dist. Impact lapact  Nusber  Dia, Dia,  Number  Dia. Dia.
Shot (in} {in) (in} (deg} (deg) (#il) tin) g {g) Holes (a8} sl Craters  {am) (aa)
1N 4 0 0 0 0 8 4 1342 13,4 102 3.0 0.6 46 2.3 0.4
A2L5
220 8 § 0 thel o 164 & 4.1 3.0 18 4.1 1.5
a2zl 8 4 1.3 1.4 3 3.8 3.3 18 3.0 1.3
A2 8 4 1226 1.7 125 3.0 0.9 120 3.3 6.5

A223 4 LI S P L A S 1 260 3.3 .1 a0 1.3 0.6



9/15/81

Table D-1 (Cont). Listing of Shot Data (chronological order)
BURFER
Bumrper fl 2024-73 Al {100 Cardin Frat Back Nass Hass
freal Busper Backwall Proj. Proj. Proj.  Number Camers Crater Hole frater Before After
50 Density Density Thickness  Mass Dia. Vel, of Fila Comaents on Fila Dia, Dia. Dia. Tepact  lopact
Shot fate Bumper Hal'l {g/te*2) (g/cod fin) (mg) {an) tke/s)  lapacts Y or N? (Clean impact unipss stated) (an) (an} (un) [{']] {q? Coasents on Busper
16 eil Al 3003-0 corrugated was folded at 60 deq angles (every
at 50 deg. angles inch) ta produce &° long corrugated
busper with correct areal density,
Hole was elliptical: 8.4 x 5.8 an.
Bumper front surface ejecta sprayed
out along surface of busper and put
secondary hole in busper (approx,
20 aa dia., essentially circular).
£22%  17-Jun-87 Pesh (Al 5056) 0,146 1.40 0.05 45,30 3.2 6,39 1 Y  Much light produced in this impact 6.6 8.8 6.6 10,16 10,14 Data for aluminum aesh.
single sheet & 0,5° standoff from as shown on Cordin infrared file of
—_ 1h ail thick Al 3003-0 plate. the event, 1.1 20.3 20,3 22,63 22.93 Data for Rl 3003-0 bumper plate,
N t = 086" (w/out spacing) Great deal of black/blue “smokey-
- like® coating or fila covers Al 3003
plate. 1,5 inches separated Al 3003
plate fros backwall (2" froa Al sesh
to backsalll.
#225  17-dun-87 Braphite/Epoxy 0,23 1,56 0.03  45.23 3.2 6.1 1 Y 8.4 6.4 8.6 5314 5298
W/ rloth both sides
(Generic)
t = 0.0578"
. L3
#226  18-Jun-87 lungsten/ 6,34 3.35 0,05  45.13 3.2 6.36 1 Y 8.4 M. 30,55
Silicane rubher saterial,
77 at.% 2-% micron tengsten microsperes,
K27 Al 40b1-14 6,22 23 0.05 45,09 3.2 6,39 ] Y 8.4 4.9 8.1 46,33 46.37 Hass of busper greater after ispact
t =0,032" due to large asount of fine slivery
droplets of aluminue on back surface
of busper. Froj/bumper eaterial in
debiris cloud behind busper is in vap
or fine liquid fora that apparently
rebounds from second wall, and
subsequently strikes back of busper.
#230 Tungsten/ 4,34 335 0,04 45,03 3.2 b.70 § ¥ 8.8 35,50 35,33
Silicone rubber material,
77 Wt.% 2-4 sicron tungsten microsperes.

R231 A1 aloi-Ta 6.22 4713 0.05 43,18 3.2 6.73 | Y Very saal) particle ispacted at 1.9 . &9 8.1 4b.18 46,17 Back of tuaper covered With fine, -

\ v
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Table D-1 (Cont).

§/15/87
AL 2024-T3 SECORD WALL

FRONT Hax, Conc, Deb-
Kass Mass Dia, of ris Spall
Before After Dia. of frea for Standoff Bispersion
35C lspact  lapact Conc. Debris Nearly all  Dist. Half-angle

Shot fq) g} Hits (in}  Rits lin} {in) (deg)
hiz4 73.88 7191 1.5 3.0 2 2
R225 72,80 7070 1.2 3.5 2 i7
7226 74.25 T4 r 33 2 28
#2283 75,38 75.03 1.3 3.3 2 21
AZ30 57,57  §7.%2 2.0 3.5 2 i
#2381 7490 74,64 1.4 3.5 2 1Y

AL 7024-T3 SECOND WALL

BACK
Detached
Spall
Dia,
fin}

0.49

Raised
fArea
Dia.
tin}

1.0

1.4

Rusber
of
Holes

Dia./Len.
of
Holes
(an}

- 1L
0.9

1.2

Hidth
of

Holes

(an)

6.1

Listing of Shot Data (chronological order)

Nusber
of
Cracks

3

Length
of
Cracks

(an) Consents on Second Plate
proj. hole in bumper. Ejecta spray
hele in bumper did not contribute to
damage in backwall. Bumper fragaents
did separate from projectile debris
as per the design plan for this type
bumper. The projectile hit at and
near a “peak” of a corrugation, and
because the corrugation was rounded
instead of pointed, the projectile
was not coapletely fragmented/-
broken-up. The damage was caused by
unshocked projectile particles.

breat deal of bright alusinua splash
and few craters on backwall indicat-
ing projectile nearly cospletely
selted/vaporized in iapact.

Iapact punched out large, nearly
tircular scalloped area in back-
plate, Projectile definitely not
coapletely aplten/vaporized.

Seall craters, projectile seeas to
have been broken-up particularly
well. Two craters produced disgles
that had broken spall bubbles (0.07*
dia. eachl.

In other cases with same target/-
backwall combinations (ALHL, AZ3NY,
smaller hole has resulted, but with
nore cracks. In this case, cracks
apparently gres and connected,
causing larger hole to open up.

6.3 Al four cracks are obvious through
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Table D-1 (Cont).

9/15/81

B-KIL AL J0U3-0 BUMPER EJECTA CATCHER

Nin. Hax,
Dia. ahere  Dia. where  Ejecta Ejecta Hass
Standoff Ejecta hits Ejecta hits Cone Cone Standoff PBefore
J5C Dist, Start generally End Half-Angle Half-fngie Thickness Dist.  lmpact
Stiot tin) {in} (in} (deg} (deg) (ail) (in) (g}
#224 8 4 1L
#2253 16 L I3 1874
K226 8 4 1.2
7228 8 § 172
AZ30 ié 4 .49
#Z3 16 LI AN T

Nass
After
Ispact

fg)

.71

2.5

11.72

3.4

Nuaber
Holes

0

;

Listing of Shot Data (chronological order)

AL 3003-0 SECOND WALL SPALL CATCHER WITNESS FLATE

Max.
Hole
Pia.
(ar)

0.4

fvg,
Hole
Dia.
an)

0.4

Number
Craters

10

35

iz

LEL
Crater
Dia.
{an)

0.3

0.8

4.1

0.7

Approx,
Avg.

Crater
Dia.
(an)

0.1

1.7

0.3
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20-Aug-87

Table D-1 (Cont).

Listing of Shot Data (chronological order)

BUNPER
Rupper A1 2024-T3 A] 1100 Cordin Frnt
Freal Rumper Backwall Froj. Froj. Froj.  Nusber Camera Crater
Density  Density Thickness Rass Dia. Vel. of Fila Commants on Fila Dia.
Busper Mat'l (g/cw*2)  {o/co) (in) {(kg) (a8) (kn/s)  lapacts Y or N? (Clean impact unless stated) (am)
t = 9.032° edge of hole in busper - from fila
particle tollowed 10 us behind proj
Rl 4061-T4 0,22 2,713 0,063 45,23 32 5,48 1 Y 7.9
t = 0.032"
Aluaina 0.9 3.7¢9 9,05 45.23 3.2 6.40 i Y Bright impact file as indicated in
20 ail AD-33 file.
Hesh (Rt 50360 0,25 1.23 0,03  45.09 3.2 6,31 i Y  Bright impact flash between twe 6.1
single sheet € 0.5° standoff fros busper plates.
generic Braphite/Epoxy (w/ cloth) plate, 12,7
t = LO0BO7® (w/out spacing!
Al 60481-T 0,22 2.113 0.063 45,30 3.2 5,33 1 1.9
t = 0,032
il AGa1-Té 0,22 2,713 0,05  45.30 3.2 7.0t i 1.6
t o= 9.032"
Al 4061-T6 0,22 2713 0.05 45,33 3.2 6,08 | R Impact was at an 45 deg. oblique
t = 0,032" angle, Proj. vel cosponent
= 4,3 kn/s.

Back Mass
Hole  Crater Before
Dia, Dia. Inapact
(on) (k) g}
&b 1.9 45.19
6.6 24,93
4.1 6.1 10,42
10.2 12.2 477
7.4 B.4 16,66
6.9 7.9 15,48
1.7 16.84

Hass
After
Impact
g} Coraents on Bumper

bright aluminus droplets.

43.20 Back of busper covered with fine,
bright aluminua droplets.

Ceramic bumper broke into b large
pieces after impart and many saall
oies.  Back of white ceramic turned
bronze color.

10,42 Data for Mesh.

41.47 Data for G/E plate.

16,40 Purpose of this shot was to test a
"waftle® backwall., @ Bai} thick
1.25" wide Al 3003-0 strip was mou-
nted perpendicular to the backwall
as a "watfle® sisvlating watfling
preposed for station acdule wall.
The impact was off centerline of
waffle to see if watfle would sub-
stantially funnel debris cloud froa
busper into backwall (1* offset).

16.42 Repeat of waffle shat with 2° stand-
off, 16 ail thick 1" wige Al 3003-0
watfle, 0.5" offset to ispact, and
0.063" backwall,

16,73 Elliptical hole 8.6 k 6.8 s,
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Table D-1 (Cont).

AL 2024-T3 SECUND RALL
FROKT Max,
Mass fHass Dia. of

Listing of Shot Data (chronological order)

AL 2024-T3 SECOND WALL
Conc. Deb-  BACK
ris Spall Detached Raised Dia./len, Width Length

Befare  After Dia, of  Area for Standoff Dispersion  Spall Area  Number of of Nunber of

Ispact  lapact Conc. Detris Hearly all
lg} tg} Hits fin)  Hits (in)

93.06 9083 1.6 3.3

1383 7374 1.3 2.3

13.68 7364 1.4 L6

96,60 96.43 2.6 F]

79,43 99.20 1.4 3.3

Dist. Half-angle  Dia, Dia. of Holes  Holes of Cracks
(in} {deq) {in) fin} Holes (on} (ma}  Cracks  (mn) Cospents on Secand Piste

3.9 cracks, with a width eax. of 0.4 ma.

5.3 The extent of the cracks indicate

6.5 that a such larger hole nearly
occured.  Much second wall spatl
debris esbedded in witness plate.

3.9 4 Most of surtace lightly cratered.
1.8 Seall size of holes indicates the
1.3 projectile was nearly cospletely
1.1 disrupted in impact. Likely that
N9 ceraaic falled by cracking/breaking
1.3 before shock wave had cospletely
2.0 traversed projectile.

2 19 0 0.7 0 0 Only slight dimpling on back surf,

4.5 16 0 3 0 0 Displing occured in 3* dia. area an
back of second plate. Ho substantial
channeling of debris pluae was noted
aithough sose minor concentration of
hits along interface of waffle did
occur, Waftle was ripped fros ad-
hesive holding it to backwall during
igpact. Numerous perforations of
waftle occured.

2 19 0.6 1.3 ] 0 Watfle was bolted down to backwall.
Although watfle severly bent, a def-
inate line of iapacts concentrated
along watfle, but no real change in
dsmage pattern.

3.8 0 Projectile was not cosplately
broken vp. Besides holes, numerous
dinpling (w/ some spall separation}
occured over 2.5° dia. area.

— . e bem - G QD
—l D Ll D LN e




991

Table D-1 (Cont).

g-fll AL 3003-0 BUNPER EJECTA CATCHER

Rin. Max,
bia, where  Dia, where  Ejecta Ejecta
Standoff Ejecta hits Ejecta hits tone Cone
35t Dist. Stert generally End Half-Angle Halt-Angle Thickness Dist.

Shot {in} {in) tin) (deq) {deg) (ail}
A236 ib
A237 8
#238 8
A28t
hz87 8
#3139 2 16

tass
Standoff Before
fspact

(g}

23,05

11.84

11,93

22,5

1

Mass
After
Iapact

{g)

23.09

11,84

11,93

2,53

Nunber
Holes

29

4

Listing of Shot Data (chronological order)

it 3003-0 SECORD WALL SPALL CATCHER WITNESS PLATE

Kax.
Hole
Dia.
(oo}

3.2

1.4

fivg,
Hole
Dia.
{an}

32

0.4

8.1

0.8

Hax,

Crater
Huaber Dia.
Craters  {en)

20 5.1
100 2
0
48 3.8
230 2.0

Approx.
Avg.

Crater
Dia.
(aa)

0.6

0.8

0.3



9/15/87 . L. .
Table D-1 (Cont). Listing of Shot Data (chronological order) .
BUMPER
Hisgper Kl 2024-T3 Al 1100 Cordin Frat Back Hass Mass
freal Buaper  Backwall  Proj. Proj. Proj.  Nusher Cakera Crater  Hole  Crater Before  After
J56 Gensity  Density Thickness Hass Dia. Vel of Fila Comments on Film Dia. Dia. Dia. Ispact  lmpact
Shot bate Busper Mat'l (g/ca”2)  (g/co) (in) (ag} (an) (ka/s)  lspacts Y or N? (Clean impact unless stated) (an) (sa) (an) (g} fg) Comments on Buaper
4316 21-Aug-87 Al alal-Té 0.22 2,713 0,063  45.15 3.2 3.99 1 Y lapact was at an 45 deq. oblique - 1.1 19.94  19.83 Elliptical hole 8.5 x 7.0 am.
= 0.032 anqle. Frej., vel. cosponent
= 4.2 ka/s.

L9
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. Table D-1 (Cont). Listing of Shot Data (chronological order)

AL 2024-T3 SECOND WALL AL 2024-13 SECUND WALL
FRONT Hax. Conc, Deb-  BACK
Mass 355 Pia. of ris Spall Detached Raised Pia./Len. Hidth Length
Betore Atter fia. of frea for Standoff Dispersian Spall frea Nuaber of of Number of
J5C Ispact Tspact Conc. Debris Nearly all  Dist. Half-angle  Dia. Dia. of Holes  Holes of Cracks
Shat tg) (g} Hits tin} Hits {in)  (im) (deg} tin} {in} Holes (5o} (an)  Cracks (ma} Coasents on Second Plate
#3164 92.94 92,48 2 3.3 2 27 0 0 L] 10,7 a3 0 Holes overlapped to fors long
2.3 scalloped rectangular holes.Diapling
3.3 2.8 occured over 1.9° ares.
3.3 2.0
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Table D-1 (Cont).

$/13/87
3-MIL AL 3003-0 BUMPER EJECTA CATCHER AL 3003-0 SECOND WALL SPALL CATCHER WITNESS PLATE
Min, Kax.
Dia, mhere  Dia, where  Ejecta Ejecta Hass Hass Hax.
Stangoff Ejecta hits Ejecta hits Cone Cone Standoff Before  After Hole
35C Dist. Start generally End Half-Ragle Half-Angle Thickness Dist, lapact  lapact  Nusber  Dia.

shot tin) (1n) tin) (deg) {deg} (ail) in} (I} g) Holes (as}
A316 2 16 § 22,11 2219 11 2.

Listing of Shot Data (chronological order)

fvg.
Hole
Pia,
[113]

Appron,
Hax, Avg.

Crater  Crater
Huaber Pia, Dia.
Craters  (an) (an)

L1 bA 1.8
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$/16/87

BUMPER EJECTA CATCHER CRATER AND HOLE COUNT

Shot No. 152

A1 300%3-0 ejecta catcher thickness (in)

Max. Ejecta Velority (ka/s)

Dens. Al 3003-¢ tg/cc)
Dens. Buaper (g/cc)

Elastic Modulus Al 3003-0 {psi)
Speed of Sound Al 3003-0 (ka/s)
Hardness Al 3003-0 (Brinell}

Crater
Hole Dia.
Quadrant Ko. (as)

I I 0.308

(20} 2 0,408

3 0.457

4 0,508

5 0.457

b 0.381

7 0,508

B 0.381

9 0.584

0 0,508

1 0,404

12 0,305

13 0,35

14 0.457

H 0,483

16 0,305

17 0.254

8 0,36t

19 0,381

20 0,254

11 2t 0,279

(38 2 0,305

230,279

2 0,330

%5 0,533

26 0432

27 0,589

2 0,254

25 0,381

30 0,457

3 0,483

2 LERAN)

Hole
Dia,
{in}

0,008
1,002
0.012
0,015
0,013
0,002
0.005

0.01
0,019
0,012
0,013
9,011
0.002
0.002
.04
0,014
0,002
0,009
¢, nol
0,002
0,01
0.00%
0,063
0.007
0.018
0,012
0,014
0. 009
0,014
0,011
012

nonng

Table D-2. Metal Matrix Ejecta Particle Count

0,008 0.2032 (es)
3.2

2.740
2.8

1,00£+07 4,89E+11 (dyne/ca*2)

5,02
28

Intialization val.0.000102
cale, ain, value 0.081180 Part.

Hole
Dia.
(an)

0,20
0,03
0,30
0.38
0.33
0.06
0.13
0.25
0,48
0,30
0.38
0.28
0.03
0.05
0.41
0,28
0.05

[
P=Y
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DD D D Do DD
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0.23
0.28
0,2
0.30
n 21

Calc. Dia.
Part, . based
Dia. Newton Rapson Part. Dia. Estisates on Suit2
{an} 1st 2nd Ird Ath 5th (na)

0,0132 0.001431 0,006436 0,011839 0.013187 0.013231 0.105024
0.0002 0.000205 0.000242 0.000244 0.000244 0,000244 0.137912
0.0376 0,002247 0.014097 0,031622 0,037345 0.037601 0.154183
0.0640 0,002840 0,021321 0.052537 0.063452 0.063953 0.170362
0.0457 0.002431 0.016373 0.038040 0.045336 0043649 0.154183
0.0003 0.000307 0.000451 0.000473 0.000474 0.000474 0.129736
0.0036 0.000818 0.002414 0.003442 0,003382 0.003594 0.170362
0.0238 0,001839 0.009965 0.020526 0.023657 0,023784 0.129736
0.1081 0.003677 0,032692 0.087703 0.107268 0,108114 0,194470
0.0376 0,002247 0,014057 0.031622 0,037343 0.037601 0.170362
0,0640 0.002860 0,021321 0,052537 0.063452 0.063935 0.137912
0.0303 0.002043 0.011939 0.02577% 0.030110 0.030296 0, 105024
0.0002 0.000205 0.000242 0,000244 0.000244 0.000244 0,121330
0.0002 0.000205 0.000242 0.000244 0.000244 0,000244 0.154185
0.0741 0.003064 0.023985 0.060582 0.073509 0.074100 0, 162285
0.0303 0,002043 0.011939 0.023779 0.030110 0.030296 0.105024
0.0002 0,000205 0.000242 0,000244 0,000244 0,000244 0.088370
0.0181 0.001635 0.008122 0.015876 0.018012 0.018091 0.§29734
0.0000 0.000001 0.000009 0,000023 0.000030 0.000030 0.12973b
0.0002 0.000205 0.000242 0.000244 0.000244 0.000244 0.088370
0.0238 0.001839 0.009963 0.020526 0.023657 0.023784 0.096717
0.0181 0.001635 0.008122 0,015876 0.01B8012 0.018091 0.105024
0,0035 0.000818 0,002414 0.003442 0,003382 0.003584 0,096717
0.0092 0,001226 0,004915 0.008422 0.009186 0.009207 0.113294
0,0962 0.003472 0.029674 0.078182 0.095450 0.096213 0.178418
0.0374 0.002247 0,014097 0.031622 0.037343 0.037601 0. 146061
0,0962 0,003472 0,029674 0.078182 0.095430 0.096213 0.186434
0.0181 0,001633 0,008122 0.015876 0.018012 0.018091 0.088370
0.0303 0,002043 0.011959 0.025779 0.030110 0.030296 0.12973b
0,0303 0.002043 0.011939 0,023779 0.030110 0.030296 0.134185
0.0376 0.002247 0014077 0,031622 0.037345 0.037601 0,142283
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Hole

Dia.
(in}

0.008
0.002

12,2

INPACTS PER SQUARE CM

Crater

Dia.
{in}

0.012
0.016
0,013
0.003
0,008
0.004
0.003
0.003
0.6002

0.01
0,009
0,011
0,008
0,003
0.007
0.005
0.006
0.003
0.017
0,008

0.0t
0,009
0,008
0,003
0,004
0.001
0.002
0.902
0.002
0,001
0.004

NN

Dianeter (in) free of impactss
Width of strip containing most impacts {inl:
fArea of ring (in*2)

"

Hole

Dia.
{1}

0.20
0.05

4.05

{ea”2)

78.6

2.0 (cw)

Crater PROJECTILE DIAMETER (mm!

Dia.
(s}

0.30
0.41
0.18
0.08
0.20
Q.15
0.08
0.08
0.05
0.25
0.23
0.28
0.20
0.08
0.18
0.13
0.15
0.08
0.43
0.20
0.25
0.23
0.20
0.08
0.15
0.03
0.05
0,03
0.05
0,03
0.13

L L

Suit

0.059
0.078
0,073
0.014
0.040
0.031
0.016
0.016
0,011
0,030
0.045
0,055
0,040
0.016
0.036
0.02%
0.031
0,016
0.082
0,040
0,050
0,045
0.040
0.016
0.031
0,004
0.011
0.014
6.011
0,006
0.034

N AEA

Rl

0,095

0.12%

0.116
0.027
0.066
0.051
0,027
0.027
0.019
0,080
0,073
0.088
0,086
0.027
0,038
0,043
0.051
0,027
0.130
0.066
0.080
0,073
0,066
0.027
0.031
0.010
0,019
0,019
0.019
0.010
0,051

[L 314}

Based on Various Sources

JsC

0,074
0,098
0,092
9.020
0.051
0,039
0.020
0,020
0.014
0.063
0.057
0.068
0,051
0.020
0.043
0.032
0.039
0.020
0,103
0,051
0,063
0,057
0,051
0.020
0,039
0,007
0.014
0.014
0,014
8.007
0,039

n nLe

Min,
Hax,
Ho.
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Table D-2 (Cont).

0.432 0.014
0,457 0,012
0.432 0,011
0.406 0.01
0,356 0,009
0,404 0,013
0,305 0.0t
0.254 0.008
0,406 0.012
0,508 0.018
0.229 0.007
0.381 0,0t
0.381 0.0
0,432 0.012
0,457 0.013
0,406 0.012
0,305 0.004
0.381 0.009
0,381 0,01
0,533 0,018
0,381 0,012
0,432 6,004
0.381 0,009
0,457 0.015
0,381 0.00¢
0,356 0,002
0,356 0,005
0.432 0,013
0.404 0,012
0,406 0.0t
0,432 0,014
0,406 0,012
0,303 0.0t
0.381 0,01
0.254 0,004
0,432 0,015
0,457 0,014
0,406 0,011
0.279 0.007
0.279 0,009
0.356 0,003
0.381 0.003
0.406 0.0t
0,229 0,002
0,303 9.002
0,203 0.004
0,432 0,015
0,381 0.013
0,330 0,012
1,229 0,006
0.203 0.005
0,483 0.018
0.533 0,017
0,457 0.015
0.463 0.013
0,584 0.018

0.36
0.30
0.28
0,25
0.23
0.33
0.25
0.20
0.30
0.46
0.18
0,23
0.28
0.30
0.38
0.30
0,10
0.23
0.25
0.46
0.30
0.10
0.23
0.38
0.03
0.05
0.13
0.38
0,30
0.25

e
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0.30
0.15
0.13
0.46
0.43
0.38
0.33
0.46

0.0345 0.002656 0,018783 0.045017 0.054049 0.054466 0.146061
0.0374 0,002247 0.014097 0.031622 0.037345 0.037601 0.154185
0.0303 0,002043 0.011959 0.025779 0.030110 0.030296 0.146061
0.0238 0.001839 0.009963 0.020526 0.023657 0.023784 0.137912
0.0181 0.001635 0,008122 0.013876 0.018012 0.018091 0.121330
0.0457 0.002431 0.016373 0.038040 0.045336 0.04566% 0.137912
0.,0238 0,001839 0,009965 0.020526 0.023657 0.023784 0.105024
0.0132 0.001431 0.006435 0.011839 0.013187 0.013231 0.088370
0.0375 0.002247 0.014097 0.031622 0.037345 0.037601 0.137912
0.0962 0.003472 0.029474 0.078182 0.093450 0.094213 0.170362
0.0092 0.001226 0.004916 0.008422 0.009186 0.009207 0.079979
0,0238 0.001839 0.009963 0.020526 0,023857 0.023784 0.129736
0.,0238 0.001839 0.009963 0.020526 0,023557 0.023784 0,129734
0,0376 0.002247 0.014097 0.031622 0.037345 0.037601 0.146061
0.0640 0,002860 0.021321 0.052337 0.043452 0.063955 0,134185
0.0376 0.002247 0.014097 0.031622 0,037343 0.037601 0.137912
0.0019 0.000614 0,001459 0.001850 0.001884 0.001684 0.105024
0.0181 0,001635 0.008122 0.015676 0.018012 0.018091 0,129734
0.0238 0.001837 0.009963 0.020526 0.023657 0.023784 0.129736
0.0962 0.003472 0,029474 0.078182 0,095450 0.096213 0,178418
0.0376 0.002247 0.014097 0.031622 0.037345 0.037608 0.129736
0.0019 0.000614 0.001459 0.001830 0.001884 0.001884 0.146061
0.0181 0,901633 0.008122 0,013876 0.018012 0,018091 0,129734
0.0640 0,002860 0.021321 9,052537 0.063452 0,063935 0, 154185
0.0000 0,000001 0,000009 0.000023 0.000030 0.000030 0,129736
0.0002 0.000205 0.000242 0,000244 0.000244 0.000244 0.121530
0.0036 0.000818 0.002414 0.003442 0003382 0,003584 0.121530
0.0640 0.002840 0,021321 9.052537 0.043452 0.063955 0, 146061
0.0376 0.002247 0.014097 0,031622 0.037345 0.037601 0,137912
0.0238 0.001839 0.005965 0.020526 0.023857 0.023784 0,137912
0.0345 0.002636 0,018783 0.045017 0.034049 0.054446 0.146061
0.0376 0.002247 0.014097 0.031622 0.037345 0.037601 0.137912
0.0238 0.001839 0,009965 0,020526 0.023657 0.023784 0,105024
0.0238 0.001839 0.009965 0,020526 0.023457 0.023784 0,129734
0.0060 0.001022 0,003571 0.003526 0.005994 0.006003 0,088370
0.0640 0.002850 0.021321 0,052537 0.063452 0,063935 0.146061
0.0345 0.002636 0.018783 0.045017 0.054049 0,054466 0,134185
0,0303 0,002043 0,011959 0.025779 0.030410 0,030296 0.137912
0.0092 0.001226 0.004914 0.008422 0.009184 0,009207 0.096717
0.0181 0.001635 0.008122 0.033874 0.018012 0.018091 0096717
0.0008 0.000410 0.000725 0.000809 0.000812 0.000812 0, 21530
0,0036 0.000818 0.002414 0.003442 0,003582 0.003584 0.129736
0.0238 0.001839 0,009965 0,020526 0.023857 0.023784 0,137912
0.0002 0,000205 0.000242 §.000244 0.000244 0,000244 0,079979
0.0002 0.000205 0.000242 0.000244 0,000244 0.000244 0,105024
0.0019 0.000614 0.001459 0,001850 0.001884 0.001884 0,071538
0,0640 0.002860 0.021321 0,052337 0,043452 0.063955 0. 145061
0,0437 0.002451 0.014373 0,038040 0.045334 0,045669 0.129736
0.0376 0.002247 0.014097 0.031622 0.037345 0,037601 0,113294
0.0060 0.001022 0,003571 0.005626 0.005996 0.006003 0,079979
0.0034 0.000818 0,002414 0,003442 0.003582 0,003584 0.071538
0.0962 0.003472 0.0295674 0.078182 0,095450 0.094213 0. 162285
0.0849 0.003268 0.026771 0.069137 0.0841B5 0,084844 0.178418
0,0640 0.002B50 0,021321 0,052537 0,063452 0,063955 0. 154185
0,0457 0,002451 0.016373 0.038040 0.045334 0,045649 0,152285
0.0962 0.003472 0.029674 0.078182 0,095450 0,096213 0.194470

Metal Matrix Ejecta Particle Count

0.002
0.008
0.002
0.002
0.002
0.00¢
0.002
0.004
0.003
0.008
0.001
0.009
0.012
0.003
0.004
0.002
0,007

0.01
0.003
0.003
0.003
0.002
0.003
0.002
0,002
0.003
0,008
0.003
0.001
0.002
0.001
0.003
0.003
0.002
0,008

0.01
0.009
0.013

0.01
0.001
0.002
0.014
0,003
0.002
0.001
0.002
0.013
0,002

0.03
0.20
0.05
0.05
0.05
0.03
0.05
0.15
0.08
0.20
0.03
0.23
0.30
0.08
0.10
0.05
0.18
0.25
0.13
0.13
0.08
0,05
0.08
9.05
0,05
0.08
0.20
0.08
0.03
0.05
0.03
0,08
0.08
0.03
0.20
0.25
0.23
0.33
0.25
0.03
0.03
0.28
0.08
0.0%
0.03
0.05
0.33
0.05

0.0
0.040
0.011
0.011
0.011
0.006
0.011
0.031
0.016
0.040
0,004
0.043
0.059
0.014
0.02t
0.011
0.034
0.050
0.026
0.024
0.014
0.011
0.016
0.011
0.011
0.014
0.040
0.016
0,006
0.0H
0.006
0.014
0.016
0.011
0,040
0.050
0,045
0.064
0.050
0,006
0.011
0.055
0.014
0.011
0.006
0.014
0.064
0.011

0.019
0.06%
0.019
0.019
0.019
0,010
0.019
0.031
0.027
0.066
0,010
0.073
0.095
0.027
0.035
0.019
0.038
0,080
0.043
0,043
0.027
0.019
0,027
0.019
0.019
0.027
0.066
0.027
0.010
0.019
0,010
0.027
0.027
0.019
0.066
0.080
0.073
0,102
0.080
0,010
0.019
0,088
0.027
0.019
0.010
0.019
0.102
0.019

0.614
0,051
0.014
0.014
0.014
0,007
0,014
0.039
0.020
0,031
0,007
0.057
0.074
0.020
0.026
0.014
0.045
0.063
0,032
0,032
0.020
0.014
0.020
0.014
0.014
0.020
0,031
0.020
0,007
0,014
0.007
0,020
0.020
0.014
0.051
0.063
0.057
0.080
0,063
0.007
0,014
0,068
0.020
0,014
0.007
0.014
0,080
0,014

0.019
0.072
0.019
0.017
0.019
0.010
0,019
0.054
0,028
0,072
0.010
0.080
0.103
0.028
0.037
0.019
0.063
0,088
0.046
0.048
0.026
0.019
0.028
0.019
0.019
0.028
0.072
0.028
0.010
0.019
0.010
0.028
0.028
0.019
0.072
0.088
0. 080
0. 143
0.088
0.010
0.019
0.097
0.028
0,019
0.010
0.01%
0.113
0.019
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Table D-2 (Cont).

103
106
107
108
109
110
11
112
113
114
13
1é
17
118
19
120
12
122
123
124
125
126
127
128
129
130
131
132
133
134

136

0.356 0,007
0,330 0,007
0.234 0.008
0,381 0.01
0,330 0.001
0.178 0,002
0.533 0,043
0,279 0.008
0.330 0.0¢
0.432 0,008
0.356 0.007
0.483 0,012
0.254 0.008
0,305 0.609
0,330 0,01
0,303 2.009
0.457 0.014
0,483 0,017
0,305 9,002
0.203 0,001
0.457 0.012
0,432 0.008
0,356 0.003
0.254 0,002
0.381 0.011
0,229 0,003
0.356 0,011
432 0,005
0.279 0.009
0,381 0.01t
336 0.001
381 0,002
0.279 0,002
0.457 0,012
0.406 0.005
0,406 0.014
0.356 0,012
0,305 0,007
0,330 0,003
0,363 0.001
0,279 0.001
0.406 0,012
0.432 0,013
9,330 0.00¢
0.406 0,012
0.279 0.01
0,336 0.003
0.381 0.01

=3

o o
w

n

0.18
0.18
0.20
.25
0.03
0.05
0.33
0.20
0.25
0.20
0.18
0,30
0.13
0.23
0.25
0.23
0.36
0.43
0.05
0.03
0,30
0.20
0.43
0.05
0.28
0.13
0.28
013
0.23
0.28
0.03
0.00
0,05
0.30
0.13
0.36
0.30
0.18
0.08
0.03
0.03
0.30
0.38
0,03
0.30
0.25
0.13
0.25

0.0092 0.001226 0.004914 0,008422 0,009186 0.009207 0,121330
0.0092 0.001226 0.004916 0.008422 0.009186 0.009207 0.113294
0.0132 0001431 0.006436 0.011839 0,013167 0.013231 0.088370
0.0238 0.001839 0.009945 0.020526 0.023657 0.023784 0,129736
0.0000 0.000001 0,000009 0,000023 0.000030 0.000030 0.113294
0.0002 0.000205 0.000242 0.000244 0.000244 0.000244 0.043040
0.0457 0.002451 0.016373 0,038040 0.043336 0.045649 0.178418
0.0132 0001431 0.006436 0.011839 0013187 0.013231 0,096717
0,0238 0.001839 0.009965 0.020526 0.023637 0.023784 0.113294
0.0132 0001431 0,006436 0.011839 0,013187 0,013231 0, 146061
0,0092 0.001226 0.004916 0.008422 0.009185 0.009207 0,121330
0,037 0.002247 0,014097 0.031622 0,037345 0.037601 0,152285
0.0035 0.000818 0,002414 0.003442 0,003582 0.003584 0.088370
0.0181 0.0015635 0.008122 0.015876 0.018012 0,018091 0.105024
0.0238 0.001839 0.009965 0.020526 0.023657 0,023784 0.113294
0.0181 0,001635 0,008122 0.013876 0.018012 0,018091 0,105024
0.0545 0,002656 0.018783 0.045017 0,054049 0.054466 0.154183
0.0849 0,003268 0,026771 0,069137 0.084186 0.0B3864 0.152283
0.0002 0.000205 0.000242 0.000244 0,000244 0.000244 0.105024
0.0000 0.000001 0,000009 0,000023 0,000030 0,000030 0.071538
0.0376 0.002247 0,014097 0.031522 0,037345 0.037601 0.134185
0,0132 0,001431 0.006434 0.011839 0,013187 0.013231 0,146061
0.0036 0.000818 0,002414 0.003442 0,003382 0,003584 0,121330
0.0002 0,000205 0.000242 0.000244 0000244 0,000244 0,088370
0,0303 0.002043 0.011959 0.025779 0,030110 0.030296 0.129734
0.0036 0.000818 0,002414 0.003442 0,003582 0.003584 0,079979
0.0303 0.002043 0,011959 0.025779 0.030410 0,030296 0.121530
0.0034 0.000818 0.002414 0,003442 0.003562 0.003584 0.1456061
0.0181 0.001635 0.008122 0.013876 0.01B012 0.018091 0,096717
0.0303 0,002043 0,011959 0.025779 0.030110 0.030296 0,129734
0.0000 0,00000§ 0.000009 0.000023 0,000030 0,000030 0,121530
0.0002 0.000205 0.000242 9,000244 0.000244 0,000244 0.129734
0.0002 0.000205 0.000242 0.000234 0.000244 0,000244 0,0956717
0.0374 0,002247 0.014097 0,031622 0,037345 0.037601 0. 154183
0.0036 0,000818 0,002414 0.003442 0,003582 0,003584 0,137912
0.0545 0,002656 0,018783 0.045017 0,054049 0.0544b4 0.137912
0.0376 0.002247 0014097 0.031622 0.037345 0.037601 0.121530
0.0092 0,001226 0,004916 0.008422 0.009185 0,009207 0.103024
0.0008 0,000410 0,000726 0.000809 0.000812 0,000812 0,113294
0.0000 0.000001 0.000009 0.000023 0,000030 0,000030 0.103024
0.0000 0,000001 0,000009 0.000023 0,000030 0.000030 0.096747
0.0376 0.002247 0.014097 0.031622 0,037343 0.037601 0,137912
0,0640 0.002840 0,021321 0.052537 0.063452 0.063935 0. 146061
0.0000 0,000001 0,000009 0,000023 0.000030 0.000030 0.113294
0.0376 0,002247 0,014097 0.031622 0.037343 0,037601 0.137912
0.0238 0,001839 0.009965 0.020526 0.023657 0.023784 0.094717
0.0034 0,000818 0.002414 0.003442 0.003582 0.003584 0.121530
0.0238 0.001839 0.009965 0.020526 0,023657 0,023784 0.129734

Metal Matrix Ejecta Particle Count

Explanation of Ejecta Particle Size Calculations for Metal Matrix Shot A152 (p.170-172):

The left side of the spreadsheet calculates the particle size that created all 136 holes
counted in this plate using a Newton-Rapson iterative technique to solve the following
Al on Al impact equation for d (12, p.117):

D/d=045*V *(t 44)2/ 3,09

where d is the particle diameter (mm), D is the hole diameter from measurements (mm),
t_is the plate thickness (.2032 mm), and V is the maximum ejecta velocity determined
ff'om high speed films (km/s). An altemnative approach (Labeled "Suit 2") calculates the
particle size based on an Al penetration equation (from Cour-Palais, B: "Revised Hazard
Assessment of the 4.3 and 8 psi Space Suits,” JSC Memorandum SN3-86-141, June 2, 1986):

167 352, ,.875
t=K* *m *V
Pp P

where t is the ballistic limit thickness for Al 6061-T6 (cm), m is the particle mass (g),
V is the particle velocity (km/s), K is 0.57 for Al 6061-T6, and p_ is the particle
density (g/cc). The ballistic limit thickness is related to penetration depth into a semi-
infinite target, P (cm), and crater diameter, D_(cm), by t = 1.75 P = 1.75/2 Dcr‘ For
purposes of this calculation, Dcr = D/10. Since the mass of the particle is the product
of density and volume (assumed spherical), the diameter of the particle is then:

S19 V'875)]'94697

= *

d=20*[0.927167*D l/(pp
The right side of the spreadsheet calculates the particle size that created all significant
impacts in a 1 cm” area (selected in the inside ring of greatest impacts); a total of 2
holes and 78 craters. The impacting particle diameter was calculated with the following
equations (rearranged to solve for d):

. . . .25
("Suit" - Ref44) t=18P=18D_J2=92 o106 (e, /p) 5 wvicy%®7 BH)

A1 5 -167 (.67 50 -25
P=Dc1j2—1.38d P.” P V'™ BH
25 ,-.33

t
1.05(? S5 -167 ;,.67 51~
pp P V'™ BH Et

("RI" -Ref43)

("JSC" -Ref43) P=D_f2=5244

("Suit 2" - as before)

where t is the ballistic limit thickness (cm), P is the semi-infinite penetration (cm),
Dcr is the crater diameter (cm), d’ is the particle diameter (cm), d is the particle
diameter (mm), p_ is the particle density (g/cc). P, is the target density (gfcc), V is
the particle velociFy (kmfs), V' is the particle velocity (cm/s), C is the speed of sound
in the target (km/s), BH is the target Brinell hardness, and Et is the target elastic

modnine (dune/em ™).




78 Al busl-Th

fority {(km/si
ity (Em/s)
Y
I
i

picpersion Half-Angle ideg!
Gispersion Half-fngle (dep)

Tize netween frases {microsecs

6.45

AEASURERENTS luncorrectad by distance factaord CALCUHLATED YALLER {corrooted with distance factor!
Froj to tiecta  Ejecta Spall Hax. Aax.
Flate  Cone half Front  Front nalf  froj. Ejecta  Spall
Dist. Angle Dist. Dist. velority Velocity Velozity
Frame {a&) ideg! it1.}) (z@) B (ka/s) (km/si  {ka/c)

14 3.4

15 1.5 58

16 0.13 3.7

17 6,53 0.4

i8 RE] 2.0 1.3 4.8 4.3

19 32 3.4 2.7 b7 4.4

20 4.0 4.6

21 3.2 4.6

22 6.3 4.7

23 1.7 4,7

24 9.0 4.75

25 10.2 .74

26 10.7 57
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Table D-3 (Cont). Bumper Plate Ejecta and Debris Plume Velocity
JSC 5HOT 157 EJECTA AND SPALL VELDCITY ’

Bumper Type Metal Matriz (Al 60A1T&/35vY Bi0) .
Projectile Yelocity (km/s) 6.71
tiecta velooity (km/s) G.2
M3k, Ejecta Cone Half-Angie (deg) 31
Spall Yelority {ka/s) .4
Conc, 3pall Disperzion Half-Bngie (deqi &3
Max. Zpall DBispersion Half-fugle {Zeq) 44
Tiae hetween frages (microsec: 1,029%82
Distance Correction Factor .34
MEASLREMENTE (uncorrected by distance facter) CALCULATED YALUES lcorreried with distance factsr)
Proj to Ejecta  Ejecta  Spall  Spall flax. fax.
Plate  Come half front  Fromt  Cose half  Frod. Ejecta  Spali
Dist.  Angle dist,  Dist. angls Velority Velacity Yelocity
Frame . {deg) {om} {ma) . {ka/s} kafs)  (ka/s)
24 2.1
23 0.6 6.3
26 0,53
27 8 1.5 1.0 4.7
28 46 2.5 2.1 4.8 3.6
29 3.7 34 9.2 3.1
30 4.9 3.9
5} 6.3 G.b
32 7.4 5.5
33 8.7 G
34 10,9 28 3.4
35 26
36 28
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Table D-3 (Cont). Bumper Plate Ejecta and Debris Plume Velocity

. JSC SHOT 158 ESECTA AND SPALL VELOCITY

Bumper Type 8 il Al 3003-0 bonded to graphite/epory
Projectile Velocity (km/s) 6.18
Ejecta Velority (ka/s) 39
Max. Ejecta Cone Half-Angle (g=q) 32
Spali Veloeity (km/s) .3
Conc. Spall Dispersicn Hali-Angle {deg) A
Tl flax. Spall Dispersion Half-fngle {deg) 41
Tige between frames {microsecr) £.030414
Gistance Correction Factor 4,23
AEASLRERENTS tuncorrected by distance factar) CALCULATED VALUES {torrected with distance +actor)
Proj to Ejecta  Ejecta Spall  Spall Hax . Hax.
Flate  Cone half Front  Front Cone nalf  Proj, cjecta  Spall
Dist. Angle Dist, Bist. Angle Velority Velocity velooity
Frasme (&) {deg. A} {g&) {deq) {ka/s) G 00 km/s!
32 3.9
33 2.1 3.7
34 0.7 3.7
35 0.2
36 1.3 1.2
37 2.5 2.6 4.4 3.7
3 9 3.1 4.0 3.9 3.7
3 3.4 9.3 3.6
40 6.7 G
41 1.9 5.5
12 8.9 53
43 10,2 38 9.3
44
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Table D-3 (Cont). Bumper Plate Ejecta and Debris Plume Velocity

JSC SHOT 139 EJECTA AND SPALL VELDCITY

Buaper Type 15 mil Alumina bonded to 8 mil Al 3003-0

Projectile Velocity (ka/s) 6.56

Ejecta yelogity (kafs) 4,2

Max. £jecta Cone Half-Angle (deg) 35

Spall velocity {ka/s) 3.0

Conc. Spall Dispersion Half-fncle (deq) 22

Max, Spall Gispersion Half-fngle (deg) 43

Time between frames (microser) 1030416

Listance Correction Factor 373

MEASUREKENTS {uncovrected by distance factor) CALCULATED VALUES fcorrected with distance factori

Proj to fZjecta  Ejecta Spall  Zpall faz. Fax.
Prate  Cone half Front  Front  Cone half  FProj. Ejecta  Spatl
» Dist. Angle Dist. dist.  fAngle Velocity Velocity Yelocity
Frame ‘ax) {deg} {an) (m#) {deg) {kn/s) tip o tkm/sl

26 3.2
27 1.4 2.9
28 2,93 4.1
29 1.5 4.5
3
3
3 0.7 0,1
33 L4 1.8 4.0 6.2
M 2.3 3 4.0 3.3
33 3.4 4,6 4.0 9.4
3 1 4.3 6.0 4.2 5.3
3 7.2 5.1
38 8.4 5.0
39 9.7 5.0
40 10.6 31 4.8
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Table D-3 (Cont).

JSC SHOT 141 EJECTA AND SPALL VELOCITY

[t
UID

Buaper Type Al
Projectile Velority (ka/s)

Ejecta Velority (km/s)

Max. tiecta Cone Haif-fngle (deg)

Spati Velozity ika/s)

Conc. Spall Dicpersion Half-Snple (deg!
Max. Spall Dispersion Half-fngle {deg)

Time betwsen frames (microsec)

Distance Correction Factor

zesh 14 sheets)

6.50

"
o1

b
6.7
14
44

10529146

2 27
4.0/

HERSUREHENTS tuncorrected by distanrce factor!

Bumper Plate Ejecta and Debris Plume Velocity

Proj to Ejecta tiecta
Plate  Cone half Fromt
Bist.  Angle bist,
Frage 1y {deg! {#a)
26 4.1
27 2.6
28 .1
29 ]
3
3
32 0.3
33 0.3
34 {
359 1.9
36 2
37 2.3
38 3
39 3.3
40 4

Spall
Front
Dist,

o

n P >
- -
N ~3 D3 = LN g

[
-

Spail fax. fMax.
Cone half  Froj, Ejecta Spall
angle velocity Velaocity Velocity
{deg) {ka/s) (kmfs)  {km/c)
6.7
8.7
8.0
0.9 7.3
1.4 7.8
1.8 7.0
1.9 6.7
2.0
2.0
2.0
A7) 2.1
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Table D-3 (Cont). Bumper Plate Ejecta and Debris Plume Velocity

JSC GHOT 143 EJECTA AND SPALL VELOCITY

Bumper Type Kevlar fabric (8 sheets)

Projectile Velocity (ka/s) 7.07

Ejecta Velocity (km/s) 2.4

Max. Ejects Cone Half-Angle {deg) 34

Spall Velority (ke/s) 7.0

Conc. Spall Dispersion Haif-Angle {dzq) 2

Max. Spall Dispersion Half-fngle (deg) 21

Tige hetween frames (microsec) 1.92125

fistance Correcticn Factar 4,53

MEASUREAENTS luncerrected by distance tactord CALCULATED VALUES fcorrected with distance factor)

Proj to Ejecta  Ejecta  Spall  Spail Hax, HEE
Plate  Cone half Front  Frent  Cone half  Proj. Ejects  Spall
Dist. Angle Dist. Dist. Angle velocity velotity Velocity
Frags {am) ideg) {an) 4} {deq} {ka/s) wmis)  {xm/s)
3 4.3
32 2.8 6.7
33 1.8 6.2
34 0.01 6.3
33
36 0.3 0.8
3 i1 2.5 3.2 1.5
3 1.3 4.1 2.7 7.3
39 1.9 3.6 2.5 7.1
40 2.3 1.1 2.4 7.0
H 34 2.7 8.5 2.4
42
43
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Appendix E

ROM Cost Estimates for Bumper Materials
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(@ AMERICAN
MATRIX
INC.™

The Materials
Advantage

PO. Box 23556
Knoxville, TN 37933
USA
118 Sherlake Drive
37922
December 19, 1986

Mr. Eric Christensen

Eagle Engineering Corporation

711 Bay Area

Suite 315

Webster, TX 77598 REF: AMI-JAB-6164

Dear Mr. Christensen:

I apologize for this belated response to your inquiry. I promise you that our
future responses will be more timely. _

For our mutual convenience, let me restate your requirements as I now
understand them:

1. 4 each 0.027 in. thick by 4.00 in. dimension square or circle as SiC hot
press plate formed or machined to dimension.

2. 4 each 0.027 in. thick by 4.00 in. dimension square or circle as 20%
volume SiC whisker reinforced SiC hot press plate formed or machined to
dimension.

3. 4 each 0.034 in. thick by 4.00 in. dimension square or circle as B4C hot
press plate formed or machined to dimension.

4, 4 each 0.034 in. thick by 4.00 in. dimension square or circle as 20%
volume B4C whisker reinforced B4C hot press plate formed or machined to

dimension.

I presume that the dimensional tolerances will not be more restrictive than
industry practice.

To be able to provide all four items, American Matrix, Inc. (AMI) will
subcontract a portion of the program to Eagie-Picher Industries, Inc. (EPI). EPI
and AMI cooperate from time to time on advanced ceramic technology programs
because of our complimentary capabilities. The total price to Eagle Engineering
is $10,000 FOB Houston, TX.

IT you are interested in other tile combinations, we can also provide SiC
whisker or B,C whisker reinforced alumina or SiC platelet reinforced aluminum
metal tile. "I am enclosing some technical data sheets which describe our SiC
whiskers, SiC platelets, and B,C whisker, platelet, granule mixture. We offer
B,C whiskers as an individual mé%eria1; however, I an currently out of those data
sheets.

(615) 691-8021 FAX (615) 690-2970 TLX 810-583-0110



Eagle Engineering Corporation
REF: AMI-JAB-6164

December 19, 1986

Page 2

I would recommend a technical meeting to discuss your requirements in more
depth before any procurement is initiated. We would be pleased to have you visit
our facilities 1in Tennessee or we can meet at Eagle-Picher's facilities in
Oklahoma or in yours in Houston as you elect. I am confident that you recognize
that your requirements challenge the current state-of-the-art and we need to have
a collective understanding of all the performance parameters which may be
involved.

Please call me if you have any questions or desire further information.
Sincerely,

o © (B,

James A. Black
Vice President

JAB/ jal



AMERICAN
MATRIX
INC.

The Materials
Advantage

PO. Box 23556
Knoxville, TN 37933
USA

118 Sherlake Drive
37922

BORON CARBIDE — PFG

American Matrix, Inc. announces a new product4 Boron Carbide - PFG, which is a
mixture of single crystal boron carbide platelets,, fibers, and granules. Some of
the more important properties of this product are listed below:

Structure: Single Crystals

Shape: Whiskers/Flat Plates

Color: Translucent

Chemistry: 78% Boron (No Free Carbon)
Impurities: Less than 1%

American Matrix can control the median size of the crystals within limits,,
hewever all producticn materials will have a range of sizes around the median size.

The following is a typical size distribution of the product:
Fibers: 10 micron diameter
Platelets: 5 microns thickness
Granules: 3 microns diameter

Boron Carbide - PFG has a theoretical advantage over fiber or whisker materials
where it is important to Strengthen composite materials and make them more rigid.
Because of the high strength of Boron Carbide, the platelets and fibers may be ideal
to strengthen most matrices in metal and polymeric matrix materials. Because of the
inherent low density and high strength, the product should provide an optimum
strength to weight ratio for reinforcement. It should also provide an attractive
toughening mechanism in ceramics.

For further informationﬁ contact:
American Matrix, Inc.
P. O. Box 23556
Knoxvilleh Tennessee 37933

(615) 691~-8021

(615) 691-8021 FAX (615) 690-2970 . TLX 810-583-0110
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BORON CARBIDE FIBERS

SEM Magnification: 500X
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Hercules Aerospace Company
Aerospace Products Group
Bacchus Works

28 January 1987 Magna, Utah 84044-0098
(801) 250-5911

{ HERCULES

IN REPLY REFER TO:
MISC/M400/21-3/0010

Eagle Engineering, Inc.
P.O. Box 891049
HOuston, TX 77289-1049

Attention: Mr. Eric Christiansen
Dear Eric:

Subject: ROM Estimate Request (T0-86-56) for Hypervelocity Meteoriod and
Orbital Debris Shield composite test panels

Hercules is pleased to respond with ROM estimates for the subject
composite panels. Based on written correspondence and subsequent telephone
conversations, the subject panels have been itemized in Tables I and II.

Table I shows the materials, desired areal density, desired panel
thickness (per your correspondence), approximate ply thickness, laminate and
estimated panel thickness for the requested 6-inch by 6-inch panels. Table II
details some additional materials we spoke of during our phone conversation
that may prove to offer additional hypervelocity impact resistance. The
graphite/epoxy-balsa core sandwich panel did successfully stop a 6.34 km/sec.
projectile in early tests and does provide lightweight protection for the
given thickness.

XUHMS is a recently developed high modulus fiber with moderate tensile
strength. This fiber shows promise for high stiffness applications such as
the space station truss structure. Typical properties are shown in Table
ITII. 8551-7 is Hercules newly developed toughened epoxy. The enclosed
brochure will provide you with data on its mechanical properties and superior
toughness.

Table II also lists a 3-D, or three-directional material, that is
fabricated here at Hercules. This material is automatically woven with fibers
to produce reinforcement in the x,y, and z directions. This third plane of
reinforcement may demonstrate some encouraging test results.

The ROM estimates for Hercules participation are as follows:

Table I Panels (1 each) $8,645
Table II Panels (1 each) $3,340

BW-1000/689 (11-85)

SA0A7> /730



‘E}HERGULES

Mr. Eric Christiansen 28 January 1987
Page 2 MISC/M400/21-3/0010

Assuming all raw materials are available upon contract award, Hercules would
anticipate a two-month delivery of all test specimens. Additional panels of
each configuration could be provided at a more economic cost under the same
purchase order. Although no physical or Non-Destructive Evaluation tests were
priced in this ROM quote, they are available to Eagle Engineering once you
have determined your needs.

I hope this information has been of help to you. If you have any further
questions, please contact me at (801) 251-1739.

Sincerely,

ek & &m@

M. J. Courtney
Space Structures Marketing

MJC:a

Enclosures
5903z



TABLE |

Required 6~-Inch x 6-Inch Paneis

Material | Material Designation | Desired Areal |Panel Thickness |Ply Thickness | Laminate |Estimated Manuf.

] |Density(ibs/in?)| (in) | (in) | |_Thickness (in)
| I I I |

1) GR/EP w/Cloth | IM6/3501-6 (Tape) | 0.00314 | 0.05 | 5.5mils |Lcloth,0°,+45,-45,90); |  0.058
|A193P/3501-6 (Cloth) | | | 7.0mils | |
| I I I I |

2) GR/EP w/Cloth | IM6/3501-6 (Tape) | 0.00157 | o0.028 | 5.5mils  |[Cloth,0°,90°,0°,Cloth] |  0.03I
|A193P/3501-6 (Cloth) | | | 7.0mils | ]
| I I | | |

3) GR/EP  w/o/Cloth |1M6/3501-6 (Tape) | 0.00314 | 0.05 | 5.5 mils |[0,,+45°,-45°,90°] | 0.055
I | I | | I

4) GR,Fiberglass/EP | IM6/3501-6 (Tape) | 0.00314 | 0.053 | 5.5mils  |[0°g,+45%) ,90°R-45%,| 0.053
| | I | | 0°gRIs I
|s-2/3501-6 (Tape) | | | 5.0mils | |
I I I | | |

5) GR/Thermo Plastic |IM6/PEEK (Tape) | 0.00314 | o0.058 | 5.5mils  |[0°),+45°,-45°,90°] | 0.055
I | I | | I

6) Kevlar, GR/EP |Keviar 49/3501-6 (Tape) | 0.00314 | o0.058 | 8.0mils  |[0°g, +45°py,90%R, |  0.060
| 1M6/3501-6 (Tape) | | | 5.5mils | -45°y,0%R,~45%ceys |
I : I { : 90°GR» +45°E Y, 0°6R] l

7) GR Cloth |A193 P (Cloth) | 0.00314 | o0.116 | 10.5 mils |11 Plies | 0.116
| I | l I I

8) GR/EP w/Cloth |AS4/3501-6 (Tape) | - I 1.00 | 5.2 mils |Cloth,[(0,+45,-45,90) (1o4] 1.005
|A193P/3501-6 (Cloth) | | | 7.0milts | |
I I I I I |

9) GR/EP | IM6/3501 -6 (Tape) | - | 0.022 | 5.5mils  |00°,90°] | 0.022
| I I I | |
| I I I I |
I I | I | |



TABLE |1

Optional 6-1nch x 6-inch Panels

Material | Material Designation | Desired Areal |Panel Thickness |Ply Thickness | Laminate |Estimated Manuf.
| [Density(ibs/in?) | (in) [ dn | | Thickness (in)
I I I | I
1) GR/EP w/Cloth |XUHMS/8551-7 (Tape) | 0.00314 | 0.05 | 3.5 mils [Cloth,[(+30,-30,90)¢1,, |  0.05
|A193P/3501-6 (Cloth) | | | 7.0mits | Cloth |
I I | I I |
2) GR/EP w/Cloth | IM7/8551-7 (Tape) | 0.00314 | o0.05 | 5.5mils  |[Cloth,0,+445,45,90), | 0.058
|A193P/3501 -6 (Cloth) | ] | 7.0mils ] |
I I I | | I
3) GR/EP w/Cloth |XUHMS/3501-6 (Tape) | 0.00314 | 0.056 | 3.5 mils |Cloth,[(+30,-30,90) .35, |  0.056
|A193P/3501 -6 (Cloth) | | | 7.0mils | Cloth |
I I I I | |
4) 3-D GR/EP | IM70rAS4/3501 -6 | 0.00314 | 0.060 | - | - | 0.060
| I | I | |
5) GR/EP w/Balsa |IM7/8551-7 (Tape) | - | o0.68 | 5.5 mils {10, +45, 45,901, | 0.68
|Baisa i | | 0.56 mils |Balsa,[0,+45,-45,90), |
| | I |
I | I |
| | | |



TABLE III1

XUHMS TYPICAL FIBER PROPERTIES *

PROPERTY TYPICAL VALUE

Unidirectional Laminate Tensile Modulus, Elly (msi)
Unidirectional Laminate Tensile Strength, Slly (ksi)

Unidirectional Laminate Tensile Strain, e11T (%)

Unidirectional Laminate Compression Modulus, E11C (msi)

Unidirectional Laminate Compression Strength, Sllc (ksi)
Short Beam Shear Strength (ksi)

Unidirectional Coefficient of Thermal Expansion, CTE (m in/in/°F)

* Properties are at 62% Fiber Volume.

5903z/34

39.2

320

0.8

36

150

12

-0.35






Appendix F

Programs on Diskette
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The following Lotus 1-2-3 spreadsheets are included on the diskette on the next page.

They were converted from Lotus version 2.1 to version 1A, which is more common and

can also be read by all subsequent versions. MS-DOS V.3.10 was used to format the

diskette.

Additional information can be attained by contacting: Eric L. Christiansen,

Eagle Engineering, (713)338-2682.

1.

IMPACT.WKS

HUGONIOT.WKS

FIGOFMER.WKS

DEB_VDIS.WKS

MOD_CRIT.WKS

SSMOD_CE.WKS

Analytical model described in Section 4.2 and Appendix A.

Calculates peak shock pressure as described in Appendix C.

Empirical model described in Section 4.1 and Appendix B.

Contains orbital debris velocity distribution for typical Space
Station orbit. Calculates the fraction of debris below the velocity

causing aluminum projectiles to melt as described in Section 3.3.

Determines the critical orbital debris and meteoroid size that a
Space Station hab or lab module should be designed to protect
against based on a 0.9955 probability of no penetration as described
in Section 3.3.

Determines the number and maximum size of perforations expected

in an aluminum bumper of a Space Station common module over

its orbital lifetime as discussed in Section 3.3.
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